Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 
VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  OMB  control  number. 

1.  REPORT  DATE 

20  Y2  2 • REPORT  TYPE 

4.  TITLE  AND  SUBTITLE 

Glycerin  Reformation  in  High  Temperature  and  Pressure 


6.  AUTHOR(S) 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Missouri  University  of  Science  and  Technology, 1870  Miner 
Circle, Rolla, MO, 65409 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 


12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

14.  ABSTRACT 

The  noncatalytic  reformation  of  glycerin  in  supercritical  water  was  studied  in  a  Haynes  282  tubular 
reactor.  In  order  to  determine  which  parameters  were  the  most  influential,  a  23  experimental  matrix  was 
conducted,  with  temperatures  of  500  and  700?C  water/glycerin  molar  ratios  of  3:1  and  13:1,  and  residence 
times  of  30  and  90  seconds,  all  at  a  pressure  of  24  MPa.  It  was  found  that  temperature  had  the  largest 
effect  on  the  two  gasification  parameters  deemed  most  important,  gasification  percentage  and  hydrogen 
yield.  Based  on  this,  the  effect  of  temperature  was  further  investigated  by  looking  at  50?C  intervals  from 
500  to  800?C.  From  this  it  was  determined  that  a  temperature  of  700  to  750?C  was  most  conducive  to 
glycerin  reformation.  The  results  were  compared  to  equilibrium,  as  calculated  by  Gibbs  free  energy 
minimization.  It  was  found  that  at  temperatures  from  750?C  to  800?C;  most  of  the  results  were  at 
equilibrium.  Based  on  this,  kinetic  models  were  developed  for  experiments  not  in  equilibrium.  The  first 
model  is  a  pseudo  first  order  model  of  the  gasification,  which  compares  favorably  with  other  studies.  The 
second  kinetic  model  takes  into  account  the  carbon  containing  gaseous  species.  Three  reactions  are  used  to 
model  the  gaseous  products:  Complete  gasification  of  the  glycerin  into  carbon  monoxide  and  hydrogen, 
water  gas  shift  of  the  resulting  carbon  monoxide,  and  a  reaction  in  which  glycerin  and  hydrogen  combine 
to  produce  methane.  Other  reaction  pathways  were  tested,  and  they  either  did  not  fit  the  data  as  well,  or 
were  thermodynamically  impossible.  The  reactions  are  also  capable  of  predicting  hydrogen  production  for 
most  conditions. 

15.  SUBJECT  TERMS 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 

18.  NUMBER 

19a.  NAME  OF 

ABSTRACT 

OF  PAGES 

RESPONSIBLE  PERSON 

a.  REPORT 

unclassified 

b.  ABSTRACT 

unclassified 

c.  THIS  PAGE 

unclassified 

Same  as 
Report  (SAR) 

246 

3.  DATES  COVERED 

00-00-2012  to  00-00-2012 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 

10.  SPONSOR/MONITOR'S  ACRONYM(S) 

11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 


Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


GLYCERIN  REFORMATION  IN  HIGH  TEMPERATURE  AND  PRESSURE 


WATER 


by 


JASON  WADE  PICOU 


A  DISSERTATION 

Presented  to  the  Faculty  of  the  Graduate  School  of  the 


MISSOURI  UNIVERSITY  OF  SCIENCE  AND  TECHNOLOGY 


In  Partial  Fulfillment  of  the  Requirements  for  the  Degree 


DOCTOR  OF  PHILOSOPHY 
IN 

CHEMICAL  ENGINEERING 

2012 


Approved  by 


Dr.  Sunggyu  Lee,  Advisor 
Dr.  Douglas  Ludlow,  Co-Advisor 
Dr.  Yangchuan  Xing 
Dr.  John  Sheffield 
Dr.  David  Retzloff 


Ill 


ABSTRACT 


The  noncatalytic  reformation  of  glycerin  in  supercritical  water  was  studied  in  a 
Haynes  282  tubular  reactor.  In  order  to  determine  which  parameters  were  the  most 
influential,  a  2  experimental  matrix  was  conducted,  with  temperatures  of  500  and  700°C, 
water/glycerin  molar  ratios  of  3:1  and  13:1,  and  residence  times  of  30  and  90  seconds,  all 
at  a  pressure  of  24  MPa.  It  was  found  that  temperature  had  the  largest  effect  on  the  two 
gasification  parameters  deemed  most  important,  gasification  percentage  and  hydrogen 
yield.  Based  on  this,  the  effect  of  temperature  was  further  investigated  by  looking  at 
50°C  intervals  from  500  to  800°C.  From  this  it  was  detennined  that  a  temperature  of  700 
to  750°C  was  most  conducive  to  glycerin  reformation.  The  results  were  compared  to 
equilibrium,  as  calculated  by  Gibbs  free  energy  minimization.  It  was  found  that  at 
temperatures  from  750°C  to  800°C;  most  of  the  results  were  at  equilibrium.  Based  on 
this,  kinetic  models  were  developed  for  experiments  not  in  equilibrium.  The  first  model 
is  a  pseudo  first  order  model  of  the  gasification,  which  compares  favorably  with  other 
studies.  The  second  kinetic  model  takes  into  account  the  carbon  containing  gaseous 
species.  Three  reactions  are  used  to  model  the  gaseous  products:  Complete  gasification 
of  the  glycerin  into  carbon  monoxide  and  hydrogen,  water  gas  shift  of  the  resulting 
carbon  monoxide,  and  a  reaction  in  which  glycerin  and  hydrogen  combine  to  produce 
methane.  Other  reaction  pathways  were  tested,  and  they  either  did  not  fit  the  data  as 
well,  or  were  thermodynamically  impossible.  The  reactions  are  also  capable  of 
predicting  hydrogen  production  for  most  conditions. 
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1.  INTRODUCTION 


1.1.  RESEARCH  OBJECTIVES 

The  object  of  this  research  is  to  reform  glycerin  into  hydrogen  and  carbon 
monoxide  non-catalytically  using  supercritical  water.  The  major  variables  in  any 
refonnation  project  include  temperature,  pressure,  water-to-fuel  ratio,  residence  time, 
catalyst,  and  reactor  type.  This  study  will  focus  on  temperature,  water-to-fuel  ratio  and 
residence  time.  A  2  factorial  design  is  used  to  detennine  which  variable  is  most 
important  to  gasification,  and  further  in-depth  research  is  conducted  in  that  direction. 
The  objective  is  to  produce  hydrogen  or  a  mixture  of  hydrogen  and  carbon  monoxide 
known  as  synthesis  gas.  These  product  gases  can  be  used  in  a  variety  of  petrochemical 
and  fuel  applications. 

Also,  this  supercritical  water  system  is  of  a  small  pilot  plant  scale,  while  most 
other  studies  into  supercritical  water  reformation  use  micro-reactors.  A  larger  scale 
reactor  investigation,  such  as  the  current  study,  offers  more  realistic  reactor,  heat  transfer 
and  flow  conditions  compared  to  micro-reactors.  This  is  important  for  new  process 
development  as  well  as  scale-up  of  the  process  system.  These  two  insights,  the  most 
important  parameters  and  the  feasibility  of  scale-up,  offer  opportunities  to  maximize  the 
process  and  scale-up  further  to  industrial  applications 


1.2.  MOTIVATION  OF  RESEARCH 

Glycerin  is  the  major  by-product  of  biodiesel  production,  being  10%  by  weight  of 
the  product  stream.  Biodiesel  production  is  increasing  worldwide,  leading  to  an  increase 
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in  the  production  of  glycerin  whose  conventional  market  is  not  expanding  at  the  same 
rate.  Having  a  process  by  which  glycerin  can  be  converted  into  value  added  products 
would  increase  the  profit  margin  of  biodiesel  production,  thus  making  it  more 
sustainable.  Furthennore,  hydrogen  and  carbon  monoxide  are  currently  produced  from 
fossil  fuels,  while  glycerin  is  derived  from  a  biological,  renewable  source. 

The  motivations  for  using  supercritical  water  in  glycerin  refonnation  have  to  do 
with  the  properties  of  glycerin  and  supercritical  water.  First,  glycerin  is  hygroscopic,  and 
absorbs  up  to  20%  water  from  the  atmosphere.  Glycerin  itself  has  a  low  calorific  value, 
approximately  40%  of  that  of  gasoline  per  mass  basis.  These  facts  make  it  less  desirable 
for  direct  combustion.  Also,  the  crude  glycerin  from  the  biodiesel  plant  contains 
impurities  that  make  it  more  costly  to  purify  to  use  as  a  livestock  feed,  food  preservative 
or  cosmetics,  which  are  currently  some  of  the  major  end  uses  of  glycerin.  Using 
supercritical  water  negates  the  water  absorption  problem  because  water  is  used  in  the 
process,  and  the  noncatalytic  reforming  in  supercritical  water  is  less  affected  by  the 
impurities  found  in  crude  glycerin.  The  properties  of  supercritical  water  also  make  it  an 
effective  and  efficient  method  of  refonnation.  Supercritical  water  reformation  produces 
gasses  at  high  pressure,  which  is  useful  for  efficient  storage,  transportation  or  subsequent 
reactions. 

Some  studies  have  examined  obtaining  products  from  glycerin  other  than 
hydrogen  and  carbon  monoxide,  specifically  liquid  products  like  acrolein,  propylene 
glycol,  fonnaldehyde,  and  methanol,  among  others.  The  formation  of  hydrogen  and 
carbon  monoxide  was  emphasized  in  this  study  because  they  are  building  block 
chemicals,  from  which  a  variety  of  products  can  be  produced.  They  are  simple  to 


3 


separate  from  the  liquid  effluent,  and  easier  to  characterize.  In  future  studies  crude 
glycerin  may  be  used,  which  could  have  impurities  that  hinder  some  of  the  liquid 
products  or  decrease  their  yield.  In  order  to  have  greater  future  application,  the  simplest 
and  highest  yield  components,  the  gaseous  products,  were  investigated. 
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2.  BACKGROUND 


2.1.  INTRODUCTION 

The  purpose  of  this  dissertation  is  to  study  the  refonnation  of  glycerin  in 
supercritical  water.  Therefore,  the  purpose  of  this  background  is  to  explain  the 
components  and  provide  an  overview  of  research  conducted  in  similar  areas.  It  begins 
with  a  review  of  supercritical  fluids,  then  specifically  supercritical  water.  Next,  glycerin 
is  discussed,  its  properties  and  how  and  why  it  is  produced.  Then  the  products  of 
refonnation,  synthesis  gas  and  hydrogen,  are  discussed.  Finally,  a  literature  review  of 
atmospheric,  subcritical  and  supercritical  reformation  of  glycerin  is  given,  as  well  as 
some  of  the  catalytic  effects  observed  in  glycerin  reformation. 


2.2.  SUPERCRITICAL  FLUIDS 

A  supercritical  fluid  is  a  unique  state  of  matter  that  occurs  for  any  fluid  that  is 
above  its  critical  temperature  and  pressure.  In  general,  if  the  temperature  of  a  liquid  is 
raised  at  constant  pressure  it  becomes  a  gas,  or  if  the  pressure  on  a  gas  is  increased  at 
constant  temperature  it  becomes  a  liquid.  At  a  point  called  the  critical  point,  if  the 
temperature  or  pressure  is  raised  the  boundary  between  the  liquid  and  vapor  phase 
disappears  and  the  fluid  is  no  longer  a  gas  or  a  liquid  but  is  a  supercritical  fluid.  This 
continuity  of  the  liquid  and  gas  states,  and  the  existence  of  the  critical  point,  was 
discovered  in  1861  by  Thomas  Andrews  (7).  The  mathematical  definition  of  a  critical 
point  is  where  both  the  partial  derivative  and  its  second  partial  derivative  of  pressure  with 
respect  to  volume  at  constant  temperature  equal  zero  (2,  3). 
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Supercritical  fluids  have  properties  that  are  usually  intermediate  from  those  of 
either  liquids  or  gases,  and  these  properties  can  be  finely  tuned  around  the  critical  point 
(4).  Theoretically,  all  compounds  have  a  critical  point,  but  some  such  as  polymers 
degrade  before  reaching  it  (5).  A  supercritical  fluid,  as  compared  to  a  liquid,  has  a  higher 
molecular  diffusivity,  a  lower  viscosity  and  no  surface  tension  at  all.  The  molecular 
diffusivity  in  a  supercritical  fluid  is  between  that  of  a  liquid  and  a  gas,  but  closer  to  that 
of  a  gas,  so  that  reactions  that  are  diffusion  limited  in  the  liquid  phase  can  become  faster 
in  the  supercritical  region  ( 6 ).  The  density  is  highly  dependent  on  temperature  and 
pressure  near  and  beyond  the  critical  point,  thus  allowing  a  wide  variability  (7).  These 
properties,  especially  the  higher  diffusivity,  make  supercritical  fluids  applicable  and 
potent  solvents.  Supercritical  fluids  are  also  simple  to  regenerate  because  by  cooling  and 
depressurizing  the  fluid  it  loses  its  supercritical  solvent  capabilities  and  the  solute 
precipitates  out,  leaving  the  solute  and  solvent  separated  (3,  7).  When  conducting 
chemical  reactions  at  supercritical  fluid  conditions,  the  above  properties  allow  for  greater 
solubility  of  reactants  and  products,  the  elimination  or  alleviation  of  interphase  transport 
limitations  on  the  reaction  rate,  the  reduction  of  carbon  deposition  on  heterogeneous 
catalysts,  and  the  integration  of  reaction  and  separation  unit  operations  ( 6 ).  Carbon 
dioxide  and  water  are  the  fluids  most  frequently  used  in  supercritical  applications.  Both 
are  environmentally  benign  and  readily  accessible.  The  properties  of  supercritical  CCfi 
and  the  ease  with  which  its  critical  point  is  reached  means  it  could  replace  some 
halogenated  or  aromatic  solvents  (6,  8).  Supercritical  fluids  have  been  used  to 
decaffeinate  coffee  and  tea,  to  extract  the  nicotine  from  tobacco,  textile  dying  and  dry 
cleaning,  cleaning  and  etching  silicon  wafers,  wastewater  treatment,  remediation  of 
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contaminated  soil,  supercritical  fluid  chromatography,  production  of  fine  powders, 
extraction  from  and  impregnation  of  polymers,  polymerization  and  graft 
copolymerization,  natural  food  extracts  and  fragrances,  vitamin  and  antioxidant 
extraction,  among  other  applications  (5,  9-13).  This  section  will  begin  with  an 
introduction  into  the  physical  properties  of  supercritical  water,  then  cover  some  of  the 
unique  advantages  of  using  supercritical  water  in  reformation  or  gasification  processes. 

2.2,1.  Supercritical  Water.  “ In  no  other  solvent  can  the  properties  near  or 
above  the  critical  point  be  changed  more  strongly  as  a  function  of  pressure  and 
temperature  than  in  water’'’  (14).  Figure  2-1  is  a  pressure/temperature  graph  of  pure 
water,  which  illustrates  the  supercritical  region  for  water,  the  critical  point  for  which  is 
647.3  K  and  22.06  MPa  (3,  5).  The  addition  of  any  impurities  to  the  water  would  change 
its  phase  behavior,  including  the  critical  point.  The  diffusivity,  density,  dielectric 
constant,  heat  capacity,  organic  and  inorganic  solubility,  and  viscosity  all  change 
significantly  for  water  going  from  ambient  temperature  to  supercritical  (2,  3,  5). 

Table  2-1  presents  these  important  physical  properties  of  water  as  a  function  of 
temperature  and  pressure,  in  order  to  compare  the  differences  between  ambient,  sub- 
critical,  and  supercritical  water  and  superheated  steam.  The  density  of  supercritical  water 
is  between  that  of  ambient  water  and  superheated  steam,  and  can  be  varied  continuously 
from  high,  liquid-like  values  to  low,  gas-like  values,  without  phase  transition  as  a 
function  of  temperature  and  pressure.  Supercritical  water  is  distinct  from  ambient  water 
in  that  the  hydrogen  bonding  of  supercritical  water  is  almost  entirely  disrupted,  making  it 
more  like  an  organic  solvent  than  ambient  water  (15-17). 
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Figure  2-1.  Phase  diagram  including  supercritical  region  for  water. 


Table  2-1.  Physical  properties  of  water  (18-20). 


Ambient 

Water 

Superheated 

Steam 

Subcritical 

Water 

Supercritical 

Water 

T(°C) 

25 

400 

250 

400 

800 

400 

P  (MPa) 

0.1 

0.1 

24 

24 

24 

50 

p  (kg/m3) 

997.05 

0.32 

819.97 

148.55 

50.64 

577.79 

8 

78.41 

1.00 

28.06 

2.28 

1.22 

11.98 

pKw 

14.0 

N.A. 

11.0 

19.4 

24.2 

11.9 

cp  (kJ/kg  °C) 

4.14 

2.07 

4.65 

10.80 

2.63 

6.79 

r|  (pPa  s) 

890.08 

24.45 

111.39 

28.19 

41.92 

67.99 

The  disrupting  of  the  hydrogen  bonding  gives  supercritical  water  a  low  dielectric 
constant,  meaning  supercritical  water  is  completely  miscible  with  non-polar  compounds 
like  hydrocarbons  and  chlorofluorohydrocarbons,  while  being  immiscible  to  inorganic 


8 


salts.  The  dielectric  constant  of  water  at  25°C  is  78,  while  it  is  about  6  at  the  critical 
point.  As  can  also  be  seen  in  Table  2-1,  the  heat  capacity  of  supercritical  water  at  400°C 
is  larger  than  ambient  water  or  superheated  steam.  The  ionic  product  of  water,  Kw,  is 
another  property  that  is  tunable  with  changes  in  temperature  and  pressure  in  the  sub-  to 
supercritical  region,  which  is  useful  for  optimizing  acid/base  reactions.  The  dynamic 
viscosity,  r|,  at  supercritical  conditions  is  a  ten  to  twenty  times  lower  than  the  viscosity  of 
ambient  water,  leading  to  advantages  where  reaction  rates  are  limited  by  mass  transfer, 
such  as  heterogeneously  catalyzed  reactions  (21,  22). 

Figures  2-2,  2-3  and  2-4  illustrate  how  the  density,  gas  solubility  and  inorganic 
solubility  changes  as  a  function  of  temperature  at  23.44  MPa  (23).  The  dashed  line  at 
374°C  is  the  temperature  at  which  pure  water  becomes  supercritical.  The  density  changes 
gradually  around  the  critical  point,  so  that  variations  in  temperature  or  pressure  can  have 
controllable  variations  in  the  density.  The  solubility  of  permanent  gases  has  a  more 
dramatic  change  at  the  critical  point,  as  shown  in  Figure  2-3.  Gases  such  as  oxygen  are 
100%  soluble  in  supercritical  water,  as  are  other  permanent  gases  such  as  carbon 
monoxide  and  methane  (24).  The  solubility  of  permanent  gases  in  supercritical  water  can 
overcome  inter-phase  transport  limitations,  increasing  mass  transfer,  while  also 
simplifying  downstream  separation  and  purification  (6,  25).  If  the  water  is  cooled  below 
the  critical  point,  the  gases  and  water  would  separate,  leaving  high  pressure  gaseous 
products.  Hydrocarbon  and  organic  solubility  follows  a  similar  pattern  (10,  23,  26). 
Figure  2-4  illustrates  the  miscibility  of  salts  in  supercritical  water. 
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Figure  2-2.  Density  change  of  water  as  a  function  of  temperature 

at  23.44  MPa  (20). 
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Figure  2-3.  Oxygen  solubility  in  water  as  a  function  of  temperature 

at  23.44  MPa  (23). 


Figure  2-4.  Sodium  chloride  solubility  in  water  as  a  function  of  temperature  at  a 

pressure  of  23.44  MPa  (23). 
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The  reason  that  the  solubility  increases  gradually  after  the  critical  point  then 
suddenly  decreases  at  about  450°C  is  because  the  salt  changes  the  critical  point  of  water, 
just  as  it  changes  the  boiling  and  melting  point  of  water.  The  dashed  line  represents  the 
pure  water  critical  point,  but  the  steep  decline  in  solubility  at  about  450°C  is  the  actual 
critical  point  for  this  mixture  (23).  These  properties  of  supercritical  water  are  the 
complete  opposite  to  some  of  the  properties  of  ambient  water,  which  is  largely 
immiscible  to  oils,  dissolves  salts  and  can  only  dissolve  a  small  amount  of  pennanent 
gases 

2.2.2.  Applications  and  Advantages  of  Supercritical  Water.  Supercritical 
water  refonnation  and  supercritical  water  oxidation  have  been  investigated  for  years  as  a 
medium  for  waste  disposal,  depolymerization,  geochemical  reactions,  and  the 
refonnation  of  various  hydrocarbons  and  biomass  (5,  27-32).  The  first  industrial  use  of 
supercritical  water  was  in  a  deep-shaft  wastewater  reactor  developed  by  Vertox  in  1975, 
which  used  a  deep  shaft  drilled  into  the  earth  to  develop  high  pressure.  A  wastewater 
stream  and  air  were  pumped  down  the  shaft,  which  became  supercritical  due  to  the 
energy  liberated  in  situ  by  oxidation  and  the  high  pressures  due  to  the  weight  of  the  water 
above.  The  waste  in  the  water  was  oxidized  to  water  and  carbon  dioxide  (5).  The  first 
aboveground  supercritical  water  reactor  was  developed  by  Modell  and  coworkers  at  the 
Massachusetts  Institute  of  Technology  in  1979  to  investigate  the  reformation  of  various 
organics  and  the  destruction  of  wastes  (5,  33,  34).  Since  then,  numerous  studies  have 
been  conducted  into  the  applications  of  supercritical  water. 

The  supercritical  phase  reformation  has  the  advantage  of  not  requiring  energy- 
intensive  vaporization  of  water  to  generate  steam  (35).  The  enthalpy  of  supercritical 
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water  at  700°C  and  30  MPa  is  3744  kJ/kg,  steam  at  700°C  and  1  atm  has  an  enthalpy  of 
3929  kJ/kg,  a  difference  of  5%.  While  this  in  itself  is  not  a  large  difference,  supercritical 
water  leads  to  more  compact  and  efficient  heat  exchange.  Since  the  driving  force  of  a 
heat  exchanger  is  the  difference  between  hot  and  cold,  evaporation  or  vaporization 
reduces  the  efficiency  of  heat  exchangers  because  energy  must  be  transferred  without  a 
temperature  change  {14).  Supercritical  water  negates  this  problem.  Efficient  heat 
exchange  is  one  of  the  design  features  that  are  essential  to  system  efficiency  and 
perfonnance  when  dealing  with  supercritical  water  gasification  ( 36 ). 

Supercritical  water  oxidation  or  partial  oxidation  has  been  studied  as  a  means  of 
de-polymerizing  polymers,  gasifying  biomass  and  high-weight  hydrocarbons,  and 
destroying  such  wastes  as  rocket  propellants,  chemical  warfare  agents,  waste  sludge, 
concentrated  municipal  sewage  and  organic  waste  (5,  31,  32,  37-44).  The  advantages 
include  fast  reaction  times  because  oxygen  is  completely  soluble  in  supercritical  water, 
and  the  high  temperatures  lead  to  fast  reactions.  This  solution  to  waste  disposal  does  not 
have  some  of  the  problems  associated  with  standard  incineration,  which  includes  only 
partial  combustion  of  the  waste  and  the  fonnation  of  dangerous  incineration  byproducts 
(IBP’s)  like  dioxin.  The  lower  temperatures  in  supercritical  water  oxidation  leads  to 
nitrogen  containing  compounds  producing  mainly  nitrogen  gas,  so  that  NOx  production  is 
not  a  problem  {45).  Partial  oxidation  of  biomass  or  hydrocarbons  leads  to  higher 
conversions  of  the  hydrocarbons  into  gas  and  in-situ  heat  generation,  leading  to 
autothennal  gasification  (37,  38,  46).  Additionally,  water  can  function  as  a  catalyst  as 
well  as  a  reactant  in  numerous  reactions  (25,  47-52). 
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When  the  goal  is  to  gasify  biomass,  supercritical  water  gasification  has  the 
advantage  of  not  having  to  dry  the  biomass,  which  can  have  a  water  content  of  80  wt%  or 
more  {14).  The  water  in  the  biomass  acts  as  a  solvent  and  a  reactant  {26).  Also, 
supercritical  water  accelerates  the  depolymerization  of  biomass  such  as  cellulose,  and 
leads  to  faster  gasification  rates  then  subcritical  water  (53).  The  intermediates  are  highly 
soluble  in  SCW,  which  inhibits  tar  and  coke  formation  {6,  54).  Another  advantage  of 
supercritical  water  gasification  is  that  the  product  gas  is  produced  at  high  pressures, 
making  it  easier  to  store  or  transfer.  Carbon  dioxide  can  be  separated  from  the  other 
pennanent  gases  because  it  is  more  soluble  in  high  pressure,  ambient  temperature  water. 
Supercritical  or  near-critical  water  can  also  function  as  a  solvent  in  chemical  processing, 
so  that  organic  solvents  would  not  have  to  be  used  {51). 

The  largest  current  commercial  application  of  supercritical  water  oxidation  is  its 
use  for  the  gasification  of  sewage  sludge  and  hazardous  waste.  A  hydrothennal  oxidation 
system  in  Harlingen,  Texas  uses  a  patented  process  from  HydroProcessing,  L.L.C.  to 
gasify  up  to  9.8  dry  tons  per  day  of  municipal  sludge.  The  process  is  autothermal,  so  that 
all  of  the  energy  needed  is  generated  by  the  exothennic  oxidation  reaction  {43).  They 
employ  a  tubular  reactor  that  operates  up  to  700°C,  as  well  as  a  patented  process  to 
depressurize  the  solid  containing  effluent  (55,  56).  A  pilot  plant  in  Karlskoga,  Sweden 
was  built  in  1998  and  based  on  technology  developed  by  Chematur  Engineering  AB 
called  the  Aqua-Critox  system,  and  capable  of  processing  250  kg  wet  sludge  per  hour 
{40).  Supercritical  water  oxidation  plants  have  been  used  in  Japan  and  Gennany  to 
dispose  of  wastes  from  pharmaceutical  and  semiconductor  manufacturers  {41). 
Numerous  companies  have  built  or  proposed  of  plants  that  use  supercritical  water 
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oxidation  for  the  destruction  of  hazardous  waste  on  US  Army  bases  and  US  Navy  ships, 
including  VX  nerve  gas  and  high  explosives  (41). 

The  ability  to  use  a  single  phase  during  heat  transport  has  led  to  the  investigation 
of  using  supercritical  water  in  nuclear  reactors.  The  system  is  characterized  by  low  flow 
rates,  high  enthalpy  rise  and  single  phase  cooling,  which  allows  thermal  efficiency  up  to 
44%  for  the  plant.  Because  supercritical  water  is  such  an  efficient  heat  transport  medium, 
the  supercritical  water  nuclear  reactor  can  have  a  power  density  similar  to  liquid  metal- 
cooled  reactors,  which  leads  to  a  more  compact  vessel  size.  The  high  power  density, 
smaller  size  and  the  simplicity  of  having  only  one  phase  leads  to  capital  cost  reduction. 
Supercritical  water  nuclear  reactors  are  one  of  the  candidates  for  the  Generation  IV 
nuclear  reactor  system  (57,  58).  Fossil  fuel  power  plants  can  also  achieve  higher 
thennodynamic  efficiency  and  heat  transfer  by  using  supercritical  or  high  pressure  water 
instead  of  steam  (59,  60). 

While  supercritical  water  does  have  numerous  advantages,  there  are  also 
challenges.  The  most  basic  is  a  reaction  system  that  can  operate  at  the  temperatures  and 
pressures  necessary  for  supercritical  water,  which  entail  higher  investment  costs.  There 
are  some  problems  with  corrosion  using  supercritical  water,  which  is  greatly  increased 
for  supercritical  water  oxidation  or  when  halides  are  present,  as  these  can  form  acids  (61- 
65).  Recent  advances  in  metallurgy,  such  as  the  high  nickel  alloys,  mitigate  these 
problems.  The  lack  of  kinetic  and  thermodynamic  data  in  supercritical  water  reactions  is 
a  fundamental  disadvantage,  because  only  a  few  binary  or  ternary  systems  have  been 
investigated  (25,  66,  67).  When  gasifying  biomass,  there  can  be  problems  with  salts 
plugging  the  reactor,  since  the  solubility  of  salts  is  reduced  in  supercritical  water.  (42, 
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68-70).  This  is  more  of  a  problem  with  catalytic  reactors  since  the  free  diameter  in  the 
reactor  is  smaller  (69).  Salts,  along  with  any  nitrogen  or  sulfur  containing  compounds, 
can  poison  the  catalysts  in  some  processes  (71-73).  In  other  work,  it  has  been  shown  that 
alkali  salts  act  as  a  catalyst  in  supercritical  water,  increasing  biomass  gas  yields  (54,  74). 
At  lower  temperatures,  char  or  coke  can  also  lead  to  reactor  plugging  (69,  75). 


2.3.  GLYCERIN 

Glycerin,  also  known  as  glycerol,  glycerine,  or  1,2,3-propanetriol  is  a  colorless, 
nontoxic,  viscous  liquid  with  the  chemical  formula  C3H5(OH)3  (76).  The  name  1,2,3- 
propanetriol  better  describes  the  compound  as  a  three  carbon  backbone  compound  with  a 
hydroxyl  group  bonded  to  each  carbon,  which  accounts  for  its  hygroscopic  nature  and 
solubility  in  water  and  simple  alcohols.  Some  of  the  physical  properties  of  glycerin  are 
listed  in  Table  2-2,  while  Appendix  A  has  infonnation  about  the  physical  properties  of 
glycerin/water  mixtures. 


Table  2-2.  Physical  properties  of  glycerin  at  25 °C  and  100  kPa  (77-80). 


Molecular  Weight  (g/mol) 

92.09 

-5 

Density  (g/cm  ) 

1.26 

Melting  Point  (°C) 

17.8 

Boiling  Point  (°C) 

290 

Critical  Temperature  (°C) 

577 

Critical  Pressure  (atm) 

74.02 

Acentric  factor 

0.5163 
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Among  its  many  uses,  glycerin  is  found  in  cosmetics  and  personal  care  products, 
phannaceuticals,  as  a  lubricant  and  in  the  production  of  nitroglycerine.  Cosmetics  and 
personal  care  products  include  soap,  lotions,  hair  products,  oral  care  products,  personal 
lubricants,  deodorants  and  suppository  laxatives  (76).  The  hygroscopic  and  non-toxic 
nature  of  glycerin  is  the  reason  for  its  being  used  so  heavily  in  the  personal  care  industry, 
because  it  acts  as  a  moisturizer.  Due  to  glycerin’s  sweet  taste  and  non-toxicity,  it  is  used 
in  many  food  and  tobacco  applications.  Toothpastes,  cough  syrup,  lozenges,  mouthwash, 
and  cookies  can  contain  it.  The  hygroscopic  nature  of  glycerin  is  used  in  the  tobacco 
industry  to  keep  cigarettes  and  other  products  at  the  correct  moisture  content  (76).  The 
high  viscosity  of  glycerol  makes  it  a  perfect  thickening  agent  for  food  and  beverages 
(81). 

Glycerin  can  be  polymerized  and  fonn  polyglycerol  esters,  which  have  a  wide 
variety  of  characteristics  based  on  the  length  of  the  polyglycerol  and  the  hydrocarbons 
used  during  esterification.  Polyglycerol  esters  are  widely  used  in  pharmaceuticals  and 
cosmetics,  as  well  as  food  processing  as  an  emulsifying  agent,  crystal  inhibitor,  anti¬ 
clouding  agent  and  as  a  viscosity  reducing  agent  in  the  manufacture  of  chocolate  (82-84). 
Along  with  fatty  acids,  glycerin  is  used  when  producing  some  esters  and  as  an  ingredient 
in  alkyd  resins  (82,  85).  A  long  list  of  other  applications  for  glycerin  could  be  compiled, 
but  these  are  the  most  prevalent.  As  of  2003,  the  world  market  for  glycerin  was  600 
million  kg  (86).  Table  2-3  shows  how  this  glycerin  is  used  by  various  industries  and  in 
what  percentage.  Glycerin  is  the  backbone  of  most  of  the  natural  oils  and  animal  fats; 
three  fatty  acids  esterified  to  glycerin  constitute  a  triglyceride.  Before  the  advent  of  a 
major  biodiesel  industry,  glycerin  was  a  byproduct  of  other  industries  that  wanted  to 
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extract  the  fatty  acids  from  oils,  such  as  the  soap  industry.  Glycerin  is  also  produced 
synthetically  from  various  petroleum  products,  such  as  propylene,  which  was  used  due  to 
glycerin  shortages  but  is  now  mostly  used  to  make  ultra-high  purity  glycerin  (76). 
Currently,  most  glycerin  is  the  byproduct  of  the  biodiesel  industry  (86). 


Table  2-3.  Worldwide  glycerin  consumption  by  various  industries  (87). 


Industry 

Percentage  consumption  (%) 

Drugs,  phannaceuticals 

18 

Personal  care 

16 

Polyglycerol  esters 

14 

Food 

11 

Other 

11 

Triacetin 

10 

Alkyd  resins 

8 

Tobacco 

6 

Detergents 

2 

Cellophane 

2 

Explosives 

2 

Biodiesel  is  a  hydrocarbon  fuel  produced  from  plant  oil,  algae  oil,  or  animal  fat 
that  is  meant  to  be  a  renewable  fuel  that  can  be  blended  with  or  replace  diesel  derived 
from  petroleum  (88,  89).  Biodiesel  can  completely  displace  diesel  with  only  minor 
modifications  to  the  engines  or  fuel  systems  of  the  diesel  fleet,  with  no  infrastructure 
change  or  transportation  difficulties  beyond  ordinary  diesel  (86,  90).  Diesel  and  biodiesel 
can  be  blended  at  any  percentage,  commonly  5%  biodiesel,  known  as  B5,  or  20%  (B20). 
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This  is  because  no  engine  modification  is  needed  up  to  20%  biodiesel.  It  has  a  higher 
cetane  number  (CN)  and  lubricity  than  petroleum  derived  diesel,  but  with  a  lower  energy 
content,  leading  to  a  2-8%  decrease  in  fuel  economy  (88).  Rudolph  Diesel,  when  writing 
about  using  vegetable  oils  as  fuels  in  1912,  said  “In  any  case,  they  make  it  certain  that 
motor-power  can  still  be  produced  from  the  heat  of  the  sun,  which  is  always  available  for 
agricultural  purposes,  even  when  all  our  natural  stores  of  solid  and  liquid  fuels  are 
exhausted”  (91).  Biodiesel  is  industrially  produced  by  the  transesterification  reaction, 
given  below  in  Equation  1,  of  triglyceride  with  an  alcohol,  usually  catalyzed  by  an  acid 
or  base,  to  fonn  the  alkyl  esters  which  constitute  biodiesel.  The  reaction  below  uses 
methanol  as  the  alcohol,  but  any  alcohol  can  be  used  and  will  affect  the  resulting 
biodiesel. 

C— 02CR’  R’C02CH3 

I  Catalyst 

C — 02CR”  +  CH3OH  - -*•  R”C02CH3  +  C3H5(OH)3  (1) 

C— 02CR’”  R”’CO,CH, 

Triglyceride  Methanol  Methyl  Glycerin 

Esters 

In  the  above  reaction,  the  hydrocarbon  chains  of  the  triglyceride  are  represented 
by  R’,  R”  and  R’”.  If  the  triglyceride  has  different  length  hydrocarbon  chains,  then  the 
resulting  fatty  acids  would  reflect  this.  The  triglyceride  used  need  to  have  hydrocarbon 
chains  of  similar  length  and  properties  as  diesel  in  order  to  be  blended  with  or  replace  it. 
The  best  starting  material  for  biodiesel  is  refined  vegetable  oils  such  as  canola,  palm, 
soybean  and  rapeseed  oils,  although  animal  fats  and  tallow  can  also  be  used  (88).  The 
most  common  feed  stocks  are  rapeseed  in  the  EU,  palm  oil  in  tropical  countries,  and 
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soybean  oil  in  the  U.S  (89).  Waste  triglycerides  that  could  be  used  include  yellow  grease, 
which  is  waste  oil  from  restaurants,  and  trap  grease,  which  is  collected  at  wastewater 
treatment  plants  (89,  92).  The  feedstock  costs  decrease  from  canola  oil  >  soybean  oil  > 
tallow  and  lard  >  yellow  grease  >  trap  greases  (59).  While  trap  grease  is  least  expensive, 
it  is  contaminated  and  must  first  be  purified  to  be  used,  increasing  its  cost.  The  current 
industrial  production  of  biodiesel  is  conducted  at  temperatures  from  50  to  70°C  at 
atmospheric  pressure,  in  either  batch  or  continuous  reactors  (CSTR  or  plug  flow), 
depending  on  the  size  of  the  plant  (93).  Excess  alcohol  is  used,  typically  50-200%,  so 
that  a  complete  reaction  with  yields  of  99.7%  are  achieved  (59).  Methanol  is  commonly 
used,  except  perhaps  in  Brazil  where  there  is  a  large  source  of  inexpensive  ethanol. 
Methanol  has  the  advantage  of  having  a  higher  reactivity  and  being  non-hygroscopic, 
while  ethanol  is  renewable  and  non-toxic  (94).  Water  has  a  detrimental  effect  on  the 
reaction  because  soaps  can  be  fonned,  which  cause  problems  in  downstream  separation. 
While  both  acids  and  bases  can  be  used  as  a  catalyst,  base  catalysts  are  4000  times  more 
active  and  cause  less  corrosion  (59).  Supercritical  methanol  can  also  be  used  for  the 
transesterification  of  oils.  This  method  does  not  require  a  catalyst,  requires  no 
pretreatment,  and  has  a  faster  reaction  rate  because  it  is  a  homogeneous  supercritical 
reaction  that  has  no  interphase  mass  transfer  to  limit  the  reaction  rate  (95,  96).  This 
method  has  seen  limited  use  in  Europe  (97). 

Currently  biodiesel  is  produced  only  from  commercial  food  crops  such  as 
soybeans  or  rapeseed,  but  research  is  being  conducted  that  would  have  non-food  plants 
produce  oils  with  which  to  make  biodiesel.  Microalgae  is  seen  as  a  promising 
replacement  because  it  is  not  a  food  crop,  does  not  require  arable  land,  has  very  high 
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growth  rates,  and  utilizes  a  large  fraction  of  solar  energy  (89,  98).  Microalgae  can  be 
grown  almost  anywhere  and  require  only  sunlight,  water  and  simple  nutrients,  although 
higher  yields  are  obtained  under  more  controlled  conditions  (99, 100).  Microalgae  can  be 
grown  in  water  unfit  for  human  consumption,  such  as  wastewater  or  agricultural  runoff 
(98,  99).  Certain  stains  of  algae  can  produce  250  times  the  amount  of  oil  per  acre  as 
soybeans,  and  are  the  highest  yielding  feedstock  for  biodiesel  (101).  Microalgae  can 
contain  from  7  to  54  dry  wt%  triglycerides  (102).  Efficient  removal  of  the  oil  from  the 
algae  is  still  a  focus  of  study,  and  could  account  for  20-30%  of  the  total  cost  of  algae  to 
biofuel  production  (103).  Options  include  sedimentation,  centrifugation,  filtration,  belt 
filtering  and  flotation,  among  others  (98,  103).  The  remaining  material  can  undergo 
anaerobic  digestion  to  produce  methane,  burned  to  produce  electricity,  gasified  to 
produce  syngas  or  in  some  stains  which  produce  large  amount  of  starch,  fermented  to 
produce  ethanol  (104,  105).  Genetic  engineering  of  microalgae  may  unlock  even  more 
potential  (106).  There  are  many  questions  still  unanswered  about  the  industrial  scale 
production  of  microalgae,  including  what  species  of  microalgae  to  use,  where  and  how  to 
grow  it,  what  nutrients  are  needed,  what  predators  or  competitors  might  slow  growth,  and 
how  to  process  the  microalgae.  Obviously  there  may  be  problems  un-envisioned,  since 
the  commercial  production  of  algae  does  not  have  a  long  history  of  progress  like  farming 
does.  The  current  limitation  of  microalgae  is  the  high  production  cost  (107). 

The  production  of  biodiesel  is  increasing  both  in  Europe  and  the  United  States.  In 
2010,  U.S.  biodiesel  production  was  about  1  million  metric  tons,  up  from  only  1700 
metric  tons  in  1999  (108, 109).  This  is  far  less  than  the  European  Union,  which  produced 
more  than  9  million  metric  tons  in  2009  (110).  Biodiesel  is  the  most  important  biofuel  in 
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the  E.U.,  representing  80%  of  biofuel  production  {111).  The  reason  for  the  increase  in 
biodiesel  production  is  two-fold.  With  the  rise  in  the  price  of  crude  oil  over  the  past 
decade,  non-petroleum  sources  of  energy  became  economically  viable.  As  well,  the 
concern  over  domestic  production  of  energy  leads  to  subsidies  for  biofuels,  as  does 
concerns  over  climate  change.  In  the  U.S.,  the  Energy  Policy  Act  of  2005,  the  Jobs  Act 
and  the  1992  Energy  Policy  Act  all  provided  incentives  for  biodiesel  production  {112). 
The  European  Commission  has  set  a  goal  of  having  biofuels  be  5.75%  of  the 
transportation  fuels  in  the  E.U.  by  2010.  Many  E.U.  countries  give  full  tax  exemption 
from  nonnal  fuel  taxes  for  biofuels,  and  the  U.K.  gives  a  partial  tax  exemption.  The  E.U. 
provides  a  carbon  credit  of  $54/ha  for  fanners  who  grow  crops  for  biofuel  production 
{111).  Both  the  E.U.  and  U.S.  have  required  the  sulfur  content  of  diesel  to  be  reduced, 
which  leads  to  a  decrease  in  fuel  lubricity.  The  addition  of  biodiesel  increases  the 
lubricity,  leading  to  additional  use  {113).  It  has  been  modeled  that  the  cost  of  biodiesel 
varies  inversely  and  linearly  with  the  price  glycerin,  so  that  the  more  valuable  glycerin 
the  less  expensive  biodiesel  becomes  {114). 

As  can  be  seen  in  Equation  1,  for  every  three  moles  of  biodiesel  one  mole  of 
glycerin  is  made.  This  corresponds  to  crude  glycerin  making  up  about  10  wt%  of  the 
resulting  products  {86).  Crude  glycerin  is  the  name  given  to  the  glycerin  produced  after 
transesterification,  and  contains  80-95  wt%  glycerin  with  the  balance  being  water  and 
other  contaminants  such  as  methanol,  fatty  acids,  and  salts  {86,  113,  115-117).  The  salts 
are  a  product  of  the  catalysts  used,  usually  sodium  hydroxide  or  sodium  methylate.  Most 
of  the  sodium  is  recovered  as  sodium  glycerate,  sodium  methylate  and  sodium  soaps. 
The  rest  is  treated  with  an  acid  to  produce  sodium  salts,  usually  NaCl  {113).  Most  of  the 
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water  comes  either  from  the  environment,  since  glycerin  will  absorb  water  from  the 
atmosphere  at  concentrations  above  80  wt%  glycerin,  or  is  added  by  the  bio-diesel 
manufacturer  to  facilitate  pumping  of  the  viscous  glycerin  (76,  118).  The  amount  of 
crude  glycerin  produced,  as  well  as  its  composition,  is  a  function  of  both  the  feedstock 
bio-oil  used  to  make  the  biodiesel  and  the  processing  method. 

Crude  glycerin  can  be  processed  to  produce  pure  glycerin,  but  the  recent  increase 
in  glycerin  production  has  decreased  its  market  value,  making  biodiesel  production  less 
profitable  overall  (86,  119).  The  price  of  glycerin  in  Europe  was  $900  per  metric  ton  in 
1996,  and  as  of  2006  the  price  was  about  $  1 10  per  metric  ton  (120).  In  2006,  680  million 
kg  of  crude  glycerin  was  produced  in  the  E.U.,  and  50  million  kg  in  the  U.S.  (116).  The 
Department  of  Energy  estimates  that  if  the  United  States  produced  enough  biodiesel  to 
supplant  2%  of  the  current  diesel  usage,  an  additional  364  million  kilograms  would  be 
produced  (121).  Currently,  crude  glycerin  is  either  refined  enough  to  use  as  a  supplement 
to  animal  feed  or  is  mixed  with  fuel  oil  and  burnt  in  boilers  (86).  The  heating  value  of 
crude  glycerin  is  about  20  MJ/kg,  which  is  comparable  to  some  other  common  biomass 
like  palm  shell  or  cane  trash  (120,  122).  When  used  as  a  boiler  fuel,  the  salts  found  in 
crude  glycerin  lead  to  excess  ash  and  the  water  decreases  the  heating  value  and  leads  to 
the  blanketing  of  the  flame  at  the  burners  and  the  fonnation  of  carbon.  For  these  reasons, 
special  burners  must  be  used  when  co-combusting  glycerin  (120).  In  order  to  advance 
biodiesel  production,  crude  glycerin  needs  to  be  transformed  from  a  near-waste  into  a 
value  added  product. 

Because  biodiesel,  and  hence  crude  glycerin,  have  only  recently  been  produced  in 
such  large  quantities,  there  are  only  a  few  technologies  to  convert  the  excess  glycerin  into 
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other  chemicals.  Oxidation  can  be  used  to  produce  glyceric  acid,  tartronic  acid, 
ketomalonic  acid  and  dihydroxyacetone,  although  selectivity  and  yield  are  generally  too 
low  to  be  commercially  viable  (86,  119,  123-126).  Glycerin  can  be  reacted  catalytically 
with  carbon  dioxide  or  urea  to  produce  glycerol  carbonate  (4-hydroxymethyl- 1,3- 
dioxolan-2-one),  which  has  many  potential  applications  (127,  128).  Some  studies  have 
been  conducted  to  use  glycerol  tertiary  butyl  ether  (GTBE)  as  a  replacement  for  methyl 
tertiary  butyl  ether  (MTBE)  as  a  fuel  additive  (129).  The  glycerol  is  reacted  with 
isobutylene  with  an  acid  catalyst  to  produce  GTBE  (130, 131).  Using  glycerin  to  produce 
propanediols  has  received  considerable  attention,  first  mentioned  in  a  1933  patent.  Most 
use  carbon  supported  Ru,  Rh,  Pt,  Ni  or  Pd  catalysts  (132-135).  In  that  same  1933  patent, 
acrolein  was  produced  from  glycerin  using  a  copper  phosphate  catalyst  (132).  Many 
studies  have  been  published  about  the  production  of  acrolein  from  glycerin,  including 
using  supercritical  water  (136-145).  Acrolein  is  a  versatile  intermediate,  used  for  the 
production  of  acrylic  acid  esters,  polymers  or  detergents  (137).  It  is  important  to  note 
that  glycerin  decomposes  into  acrolein  under  sub-  and  supercritical  conditions,  and 
during  pyrolysis  in  the  absence  of  water.  Acetaldehyde,  formaldehyde,  hydroxyacetone, 
allyl  alcohol,  methanol,  ethanol  and  a  variety  of  gaseous  products  are  also  produced  from 
glycerin  in  sub-  and  supercritical  water  and  during  pyrolysis  (136,  137,  145-150).  Most 
of  the  processes  are  acid  catalyzed,  and  when  an  acid  catalyst  is  absent  the  decomposition 
of  acrolein  was  faster  than  acrolein  formation  (137,  139).  For  now,  the  conversion  and 
selectivity  of  sub-  or  supercritical  dehydration  to  acrolein  are  not  economical  routes  for 
dealing  with  the  excess  glycerin  (137). 
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Biological  conversion  of  glycerin  has  also  received  wide  attention.  Yeast,  mold 
and  bacteria  are  all  candidates  for  glycerin  conversion,  both  aerobic  and  anaerobic. 
Anaerobic  conversion  has  seen  more  research  than  aerobic  because  anaerobic  processes 
do  not  require  aeration  and  so  have  reduced  operational  expenses  {86).  Anaerobic 
conversion  by  various  bacteria  has  produced  1,3-propanediol,  acetic  acid,  butyric  acid, 
lactic  acid,  butanol,  ethanol  and  formate  (151-161).  The  most  promising  product  is  1,3- 
propanediol,  which  has  the  highest  yield  of  all  of  the  products  listed  above.  Increases  to 
conversion  and  yield  could  come  about  from  genetic  engineering  of  the  microbes  to 
specifically  consume  glycerin  or  produce  a  target  product.  The  general  drawbacks  to 
microbial  conversion  are  also  apparent  here,  where  the  microbes  must  be  given  specific 
vitamins  or  minerals  to  optimally  convert  the  glycerin.  Also,  some  of  the  microbes  used 
are  classified  as  pathogens  that  are  detrimental  to  human  and  animal  health.  To  further 
complicate  the  situation,  crude  glycerin  can  contain  a  wide  variety  of  contaminants  due  to 
the  different  refining  process,  bio-oil  feedstock  and  glycerin  refining  procedures.  This  all 
affects  the  perfonnance  of  the  microbes  and  suggests  that  a  particular  microbe  would 
only  be  applicable  to  particular  refining  techniques  and  feedstock.  Currently,  no 
commercially  applicable  results  have  been  reported  (86,  154-156).  Another  way  to 
increase  the  value  of  glycerin  is  to  reform  it  into  synthesis  gas  or  hydrogen. 

2.4.  SYNTHESIS  GAS  AND  HYDROGEN 

The  purposes  of  these  experiments  are  to  see  how  effectively  glycerin  could  be 
gasified.  The  gases  that  are  normally  encountered  in  reformation  or  gasification  studies 
are  hydrogen,  carbon  monoxide,  carbon  dioxide,  methane,  other  light  hydrocarbons  and 
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nitrogen/oxygen  if  air  or  oxygen  is  used.  These  gases,  especially  hydrogen  and  carbon 
monoxide,  are  the  goal  of  any  gasification  study.  This  section  reviews  the  different 
methods  from  which  these  gases  can  be  made  and  the  uses  that  they  currently  find  and 
foreseeable  future  uses. 

2.4.1.  Synthesis  Gas.  A  gas  that  contains  mostly  hydrogen  and  carbon  monoxide 
is  known  as  synthesis  gas,  or  syngas.  It  is  named  this  because  of  the  large  amount  of 
chemicals  that  can  be  synthesized  from  it  (162).  While  it  can  be  produced  from  any 
carbon  containing  feedstock,  currently  industry  utilizes  either  coal  or  natural  gas  due  to 
economic  considerations.  Figure  2-5  gives  an  overview  of  the  major  fuels  and  chemicals 
produced  from  synthesis  gas. 

Natural  gas  is  used  in  most  applications  to  produce  synthesis  gas.  This  is  due  to 
the  cleanliness  of  the  gas,  ease  of  transport  and  use,  and  cost  (162,  163).  The  natural  gas 
can  be  steam  refonned  using  steam  over  a  catalyst,  an  endothennic  reaction  between 
methane  and  water  to  produce  hydrogen  and  carbon  monoxide  in  a  3: 1  molar  ratio.  It  is 
usually  carried  out  at  temperatures  of  700  to  1 100°C  with  a  nickel  catalyst  on  an  alumina 
support  (164,  165).  The  natural  gas  must  be  cleaned  of  sulfur  and  chlorine  before  being 
refonned,  because  these  species  poison  the  catalysts.  This  is  commonly  done  by 
absorption  of  these  compounds  on  zinc  oxide  (166).  These  processes  employ  natural  gas 
to  heat  the  reaction  vessels,  typically  high  nickel  alloy  tubes  packed  with  catalysts,  and 
the  burners  themselves  can  have  a  variety  of  arrangements  (167).  The  amount  of  natural 
gas  consumed  as  fuel  varies  from  3  to  20%  of  all  the  natural  gas  used  at  the  plant, 
depending  mostly  on  subsequent  energy  requirements  such  as  water  gas  shift  or  carbon 
dioxide  removal  (166,  168).  There  are  other  processes  similar  to  steam  refonning  that 
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use  some  oxygen  to  partially  combust  the  methane,  leading  to  better  heat  transfer  and 
higher  efficiency  (169, 170). 


Diesel  Gasoline 


▼  Ethanol  Gasoline 

Ammonia  a -  Hydrogen 

Figure  2-5.  Fuels  and  chemicals  that  can  be  produced  from  synthesis  gas,  adapted  from 

Spath  and  Dayton.(7  77). 

Another  method  of  producing  synthesis  gas  is  the  gasification  of  coal  (169).  This 
process  has  been  in  use  for  over  one  hundred  years;  before  natural  gas  was  piped  across 
the  country  city  lights  burned  gas  that  was  made  from  gasified  coal  called  town  gas  (1 72). 
The  process  is  similar  to  the  partial  oxidation  of  natural  gas  because  the  coal  is  heated 
under  pressure  and  reacted  with  steam  and  oxygen  to  fonn  hydrogen  and  carbon 
monoxide.  There  are  a  variety  of  processes  to  gasify  coal,  catalytic  and  non-catalytic, 
with  temperatures  varying  from  620°C  to  1500°C  and  pressures  from  atmospheric  to 
1250  psi.  SASOL,  a  South  African  chemical  company,  is  a  leader  in  producing  synthesis 
gas  from  coal  (172).  Reforming  coal  is  difficult  because  of  the  large  amount  of 
impurities  like  ash  and  sulfur,  and  because  coal  is  a  solid,  which  makes  it  more  difficult 
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to  use  in  a  reactor.  This  procedure  may  be  able  to  produce  hydrogen  cheaply  and 
efficiently,  but  requires  a  large,  fixed  operation  and  substantial  investments  of  time  and 
money  (173).  It  has  been  successfully  implemented  only  in  regions  that  do  not  have 
access  to  natural  gas.  Because  of  the  complexity  of  the  coal  gasification  process,  small 
scale  plants  are  not  economically  feasible  (166).  These  technologies  can  be  partially 
applied  to  other  hydrocarbon  feed  stocks  such  as  biomass,  but  as  of  now  all  large-scale 
production  of  syngas  is  from  fossil  fuels. 

The  use  of  biomass  to  produce  syngas,  while  not  currently  used  on  an  industrial 
scale,  is  an  important  area  of  study  because  fossil  fuels  will  run  out,  and  syngas  from 
biomass  is  nearly  carbon  neutral  and  sustainable.  The  ideal  biomass  would  be  a  high 
yield  crop  that  required  little  nutrients,  fertilizers,  and  energy  input  (59).  The  biomass 
most  often  cited  as  potential  hydrocarbon  feed  stocks  for  syngas  are  agricultural  waste, 
lignocellulosic  products  such  as  cane,  bagasse,  or  wood  pulp,  aquatic  plants  and  algae, 
and  food  processing  waste  (174,  175).  This  biomass  falls  in  between  the  very  wet 
biomass,  such  as  sewage  and  animal  waste  that  is  currently  recovered  by  microbial 
fermentation,  and  the  dry  biomass  such  as  scrap  wood  and  some  garbage  which  is  often 
burned  directly  as  fuel.  There  are  a  few  broad  process  routes  from  which  synthesis  gas 
can  be  produced  from  biomass.  The  biomass  can  undergo  partial  oxidation,  similar  to 
coal  gasification,  to  produce  a  syngas  (176,  177).  The  major  problem  in  biomass 
gasification  is  the  formation  of  char  and  tars  (59,  178,  179).  Solar  energy  can  even  be 
used  to  supply  the  heat  for  the  gasification  process  (120,  174,  180,  181).  Or  it  can 
undergo  pyrolysis  to  produce  a  bio-oil,  which  is  catalytically  steam  reformed  to  syngas 


(182, 183). 
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Another  form  of  reformation,  called  dry  reformation,  uses  carbon  dioxide  to 
produce  synthesis  gas  (184-190).  The  temperatures  used  are  similar  to  those  used  in  any 
refonnation  or  gasification  process,  600  to  1000°C.  It  has  the  advantage  of  using  carbon 
dioxide,  which  may  become  plentiful  if  carbon  capture  is  employed  at  a  large  scale.  The 
reverse  water  gas  shift  reaction  occurs  during  dry  refonnation,  so  that  the  carbon  dioxide 
reacts  with  hydrogen  to  produce  carbon  monoxide  and  water.  Therefore  steam 
refonnation  would  produce  more  hydrogen  than  dry  reformation,  and  have  a  higher 
hydrogen  to  carbon  monoxide  ratio  (184).  There  are  significant  problems  with  coking 
when  using  dry  reformation,  but  it  has  been  determined  that  the  coke  that  is  produced 
during  dry  refonnation  is  in  the  fonn  of  multi-walled  carbon  nanotubes,  itself  an 
attractive  product  (189,  190).  Coke  accumulation  leads  to  catalyst  deactivation  and 
reactor  plugging,  and  is  the  primary  reason  dry  refonnation  is  not  used  for  gasification. 
Biomass  can  be  digested  microbially  to  produce  hydrogen  or  synthesis  gas,  and  much 
research  is  being  performed  in  this  area  due  to  the  success  of  genetically  engineered 
microbes  to  produce  desired  products  (191-194).  As  mentioned  in  Section  2.2.2, 
supercritical  water  has  long  been  considered  a  mode  of  producing  synthesis  gas  from 
biomass  due  to  its  natural  moisture  content  (28,  69,  89,  195).  A  number  of  other 
renewable  energy  sources  exist,  such  as  solar,  wind  and  hydroelectric,  but  currently  plant 
biomass  is  the  only  renewable  source  of  carbon  that  can  be  readily  used  for  liquid  fuels 
and  chemicals. 

The  uses  for  synthesis  gas  are  numerous,  so  only  the  commercially  important  or 
most  promising  will  be  covered.  The  production  of  liquid  or  solid  hydrocarbons  from 
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syngas  is  the  Fischer-Tropsch  (F-T)  process  (196).  The  general  chemical  reaction  is 
given  by  Equation  2  below. 

CO  +  2H2  ->  -CH2-  +  H20  (2) 

This  is  a  simplification  of  the  complex  reactions  that  occur,  but  is  the  overall  idea  of 
Fischer-Tropsch.  The  process  produces  straight  chain  alkanes,  shown  above  as  — CH2— . 
The  most  uses  catalysts  for  this  process  are  iron  or  cobalt,  depending  on  the  temperatures 
used  and  the  desired  product.  The  high  temperature  F-T  process  is  iron  catalyzed  at  300- 
350°C  and  is  used  for  the  production  of  gasoline  and  diesel.  The  high  temperature 
process  can  also  accommodate  some  carbon  dioxide  in  the  feed.  The  low  temperature  F- 
T  (200-240°C)  is  iron  or  cobalt  catalyzed  and  used  mostly  to  produce  linear  waxes  (197). 
The  ratio  of  hydrogen  to  carbon  monoxide  can  be  changed  using  the  forward  or  reverse 
water-gas  shift  reaction,  since  the  steam  reformation  of  methane  results  in  a  3: 1  hydrogen 
to  carbon  monoxide  ratio  while  2: 1  is  ideally  need  for  Equation  (2). 

Industrially,  the  water  gas  shift  reaction  occurs  at  temperatures  of  150  to  600°C, 
and  is  typically  carried  out  over  a  catalyst  of  copper  and  zinc  oxide  on  an  alumina  support 
(198,  199).  The  high  temperature  F-T  can  accommodate  some  carbon  dioxide  because  it 
is  converted  to  carbon  monoxide  via  the  reverse  water-gas  shift  (197).  The  process  is 
traditionally  a  gas-phase  reaction,  and  since  the  reaction  is  exothennic  heat  removal 
issues  arise.  This  and  other  difficulties  have  led  to  research  in  F-T  synthesis  in  liquids  or 
even  supercritical  fluids  like  //-hexane  (6,  200,  201). 

The  Fisher-Tropsch  process  can  produce  synthetic  gasoline  or  high  purity  waxes 
and  chemicals,  and  high  quality,  zero-sulfur  diesel  fuel.  The  production  of  diesel  fuel  is 
the  best  known,  because  the  process  is  well  suited  to  the  production  of  straight  chain 
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alkanes  that  make  excellent  diesel  fuel.  During  World  War  II,  fuels  from  the  Fischer- 
Tropsch  process  provided  25%  of  all  automobile  fuels,  and  since  the  1950’s  a  large 
percentage  of  South  Africa’s  diesel  fuel  was  provided  by  this  method  (197,  202).  The 
economic  viability  of  the  Fisher-Tropsch  process  is  linked  to  the  price  of  crude  oil,  so 
that  Fisher-Tropsch  derived  hydrocarbons  become  more  viable  as  the  price  of  crude  oil 
rises.  So  far,  it  has  been  implemented  on  a  commercial  scale  only  in  exceptional 
instances  (6).  Some  oil  companies  use  or  are  planning  to  use  F-T  to  produce  liquid  fuels 
from  natural  gas  in  remote  locations,  instead  of  flaring  off  the  gas  (59).  The  most 
expensive  section  in  a  Fischer-Tropsch  complex  is  the  production  of  purified  syngas, 
typically  60-70%  of  the  capital  and  operational  cost  of  the  entire  plant  (197). 
Considering  that  the  formation  of  synthesis  gas  from  glycerin  is  endothermic,  about  80 
kcal/mol,  but  the  conversion  of  synthesis  gas  to  alkanes  is  exothennic,  about  -110 
kcal/mol,  the  conversion  of  glycerol  to  alkanes  is  theoretically  exothermic  (119).  If 
glycerin  were  converted  to  synthesis  gas,  then  were  to  undergo  Fisher-Tropsch 
conversion  to  a  liquid  alkane  like  octane,  the  process  would  theoretically  be  exothennic, 
with  63  kJ/mol  of  heat  liberated  per  mole  of  glycerin  reacted  (203).  Additionally,  most 
synthesis  gas  produced  from  biomass  requires  either  air  or  pure  oxygen  be  used  to 
facilitate  gasification  (204).  This  then  requires  a  costly  oxygen  separation  or  leads  to  the 
dilution  of  the  synthesis  gas  with  nitrogen.  Glycerin  gasification  would  negate  both  of 
these  problems. 

Methanol  is  another  important  product  made  from  syngas.  Historically,  methanol 
was  produced  from  the  destructive  distillation  of  wood,  which  lead  to  the  common  name 


30 


of  wood  alcohol,  but  currently  almost  all  is  made  via  syngas  (205).  The  main  chemical 
reactions  involved  in  methanol  production  are: 


CO  +  2H2=  CH:OH 

(3) 

C02  +  3  H2  =  CILOII  +  H20 

(4) 

co+h2o  =  co2+h2 

(5) 

The  carbon  dioxide  in  these  reactions  is  either  already  present  in  the  syngas,  added  to  it 
or  fonned  from  it  via  the  water  gas  shift  reaction,  Equation  5  (206).  Carbon  dioxide  is 
usually  added  because  the  rate  of  methanol  production  is  seven  times  higher  for  H2,  CO 
and  CO2  mixtures  than  just  TE  and  CO  (207).  The  most  common  method  of  methanol 
production  now  involves  a  Cu/Zn0/Al203  catalyst  at  temperatures  of  250  to  300°C  at  50 
to  100  atm.  Methanol  is  used  as  a  feedstock  in  a  diverse  number  of  industries,  as  an 
automobile  fuel,  and  can  be  converted  to  high  octane  gasoline  (206).  As  of  2007,  40 
million  metric  tons  of  methanol  were  produced  worldwide,  almost  all  of  it  used  as  a 
chemical  feedstock  for  a  variety  of  chemicals  including  fonnaldehyde,  methyl  tert-butyl 
ether,  and  acetic  acid  (208,  209).  Most  of  these  chemicals  are  themselves  feedstocks  for 
many  common  products.  Some  prefer  methanol  to  hydrogen  as  the  fuel  of  the  future, 
because  of  its  ease  of  storage  and  transportation  (208).  Methanol  can  be  used  in  internal 
combustion  engines,  and  while  it  has  about  half  of  the  energy  density  of  gasoline,  it  has  a 
higher  octane  rating.  It  has  been  used  in  automobile  racing  since  the  1960’s  due  to  its  fire 
safety  over  gasoline  (208). 

Dimethyl  ether  (DME)  is  another  chemical  produced  either  from  syngas  or 
methanol  (209-211).  The  production  of  DME  from  the  dehydration  of  methanol  is 
carried  out  over  an  acidic  catalyst  (208,  211).  DME  can  be  used  in  diesel  engines  as  a 
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diesel  fuel  substitute.  DME  has  a  cetane  number  of  55-60,  which  is  higher  than  the  40-55 
of  diesel  fuel  (212).  While  synthesis  gas  has  many  uses  of  its  own,  it  is  also  the  route  by 
which  almost  all  hydrogen  gas  is  produced. 

2.4.2.  Hydrogen.  Hydrogen  is  the  most  abundant  element  in  our  universe.  It  is 
estimated  that  hydrogen  makes  up  about  three  quarters  of  the  observed  mass  of  the 
universe,  and  is  the  tenth  most  common  element  on  earth,  where  it  is  found  mostly  as 
water.  Because  hydrogen  gas  is  so  buoyant  it  readily  escapes  from  the  atmosphere, 
meaning  less  than  1  part  per  million  by  volume  of  the  atmosphere  is  free  hydrogen  gas 
(213).  In  2010,  world  production  of  hydrogen  gas  was  31.3  million  metric  tons,  and 
almost  95%  of  that  is  captive,  in  that  large  industrial  chemical  consumers  produce  the 
hydrogen  onsite  to  satisfy  the  chemical  needs  of  that  industry  (166,  214).  Of  all  the 
hydrogen  produced  in  the  U.S.,  only  2%  comes  from  electrolysis,  the  rest  comes  from  the 
gasification  of  coal,  oil  or  natural  gas  into  syngas,  which  undergoes  the  water  gas  shift 
reaction,  Equation  5,  to  produce  more  hydrogen  (214).  Therefore,  syngas  is  the  largest 
current  producer  of  hydrogen,  and  hydrogen  produced  from  any  hydrocarbon  will  first  be 
synthesis  gas. 

Electrolysis  uses  electricity  to  break  water  into  its  constituents,  hydrogen  and 
oxygen.  The  cathode  and  anode,  usually  made  from  inert  metal,  are  placed  in  the  water 
and  hydrogen  is  produced  on  the  cathode  and  oxygen  at  the  anode.  Electrolysis  is  usually 
sped  up  by  the  addition  of  an  electrolyte,  such  as  potassium  hydroxide,  to  the  water  (166). 
The  energy  required  to  produce  hydrogen  by  electrolysis  (assuming  1.23  V  and 
atmospheric  pressure)  is  between  33  and  47  kW*h/kg  H2.  There  are  systems  that  first 
pressurize  the  water  to  about  7000  psi,  then  use  electrolysis  to  produce  hydrogen.  This 
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process  requires  more  energy  (60  kW*h/kg  H2),  but  the  hydrogen  is  already  at  an  elevated 
pressure  for  storage  and  transport  (215).  The  future  use  of  electrolytic  hydrogen  will 
likely  be  practical  only  for  niche  applications  due  to  the  high  cost  of  electricity.  If, 
however,  a  large  renewable  electricity  source  such  as  wind  or  solar  is  constructed, 
electrolysis  could  be  used  to  alleviate  problems  associated  with  the  intennediate  nature  of 
renewable  energy  (166).  Unlike  electricity,  hydrogen  can  be  stored  in  various  quantities 
for  long  periods,  to  be  used  when  renewable  energy  is  lax. 

The  United  States  produces  95%  of  its  hydrogen  from  the  steam  reforming  of 
natural  gas  followed  by  the  water  gas  shift,  which  has  already  been  described  in  the 
synthesis  gas  section.  Following  the  reforming  and  water  gas  shift,  the  carbon  dioxide 
can  be  removed  by  an  alkaline-based  solution  via  absorption,  and  the  resulting  hydrogen 
rich  gas  can  be  further  purified  via  pressure  swing  adsorption  (PSA)  (166).  The  steam 
refonning  of  natural  gas  is  currently  the  most  economic  source  of  hydrogen,  as  well  as 
being  well  understood  technologically  (166).  Other  countries  produce  large  amounts 
from  coal  or  oil;  worldwide  18%  comes  from  coal  and  30%  from  oil,  while  natural  gas 
accounts  for  50%  (214).  In  oil  refineries,  there  are  catalytic  reforming  units  that  convert 
low-octane  naphtha  into  higher  octane  products,  and  a  byproduct  of  this  process  is 
hydrogen.  The  reaction  ranges  from  490°C  to  530°C  in  temperature  and  70  to  650  psi 
(216,  217).  This  hydrogen  is  usually  used  within  the  refinery  for  fuel  upgrading  and 
hydrodesulfurization  (218). 

Sixty  percent  of  the  hydrogen  produced  was  used  to  for  ammonia  production  by 
the  Haber  process,  which  is  in  turn  used  mostly  to  make  fertilizer.  Twenty  three  percent 
was  used  by  oil  refineries  to  upgrade  and  remove  sulfur  from  fuel,  and  the  rest  was  used 
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in  other  chemical  and  metallurgical  processes,  as  well  as  in  the  space  program  as  a  fuel. 
The  Haber  process  is  critical  in  sustaining  food  production,  because  nearly  half  of  the 
world  food  supply  would  not  exist  without  fertilizer  produced  via  the  Haber  process 
(219).  It  was  discovered  by  chemist  Fritz  Haber  and  chemical  engineer  Carl  Bosch  in 
1908,  and  the  first  factory  to  use  it  was  built  in  Germany  in  1913  (219,  220).  At  that 
time,  Germany  needed  supplies  of  ammonia  to  produce  dynamite  for  World  War  I,  and 
Gennany  contained  no  natural  supplies.  Most  natural  supplies  were  in  the  form  of  guano, 
and  were  highly  valued  (219,  221).  With  the  Haber  process,  humanity  was  able  to 
produce  large  quantities  of  ammonia,  which  when  coupled  with  new  hybrid  crops  and 
increased  agricultural  education  lead  to  what  has  been  called  the  green  revolution  (222, 
223).  More  food  was  produced,  and  human  population  increased  dramatically  after  1950, 
as  seen  in  Figure  2-6  (224,  225).  Without  these  ammonia  fertilizers,  billions  of  people 
would  starve  (219). 

The  chemical  industry  currently  produces  more  fixed  nitrogen  via  the  Haber 
process  per  year  than  the  entire  natural  nitrogen  cycle  (221).  In  2010,  worldwide 
ammonia  production  was  131  million  metric  tons,  83%  of  which  is  used  as  fertilizer  such 
as  ammonium  nitrate  (226,  227).  Some  of  the  other  uses  of  ammonia  include  general 
purpose  cleaner,  explosive,  refrigerant  and  an  intermediate  to  almost  all  nitrogen 
containing  chemicals  (226,  227).  Because  hydrogen  is  needed  to  make  ammonia 
fertilizer,  and  most  hydrogen  is  produced  from  natural  gas,  the  price  of  ammonia  and 
natural  gas  are  closely  linked  (228).  Higher  fertilizer  prices  necessitate  higher  food 
prices,  and  the  supply  of  natural  gas  is  finite.  Coupling  the  Haber  process  to  renewable 
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energy  and  biological  sources  of  hydrogen  would  release  the  ammonia  supply  from  the 
price  and  quantity  of  natural  gas. 


Year 


Figure  2-6.  World  population  in  billions  from  1750  to  now.  Projected  to  year  2100 

(224,225). 


Hydrogen  is  the  cleanest  fuel,  because  when  combusted  with  oxygen  only  water 
and  energy  is  formed.  Hydrogen  can  be  used  directly  in  specially  designed  internal 
combustion  engines  or  in  turbine  engines  (229).  Hydrogen  has  a  number  of  properties 
that  makes  it  suitable  for  combustion  engines,  such  as  its  ability  to  be  burned  with  a  low 
amount  of  oxygen,  leading  to  lower  temperatures,  less  pollution,  greater  fuel  economy 
and  more  complete  combustion.  Also,  hydrogen  has  a  high  diffusivity  in  air,  leading  to  a 
uniform  mixture  of  fuel  and  air  and  better  combustion.  The  space  program  is  by  far  the 
largest  user  of  hydrogen  for  fuel,  due  to  its  high  energy  to  weight  ratio  (214). 

The  fuel  cell,  which  uses  hydrogen  and  oxygen  from  the  air  to  make  water,  heat 
and  electricity,  is  another  way  to  convert  hydrogen  to  energy.  Fuel  cells  are  generally 
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more  efficient  than  combustion  engines  or  turbines,  and  have  fewer  moving  parts  and  so 
have  less  likelihood  of  mechanical  failure  (230).  There  are  a  number  of  different  types 
of  fuel  cells,  such  as  the  Polymer  Electrolyte  Membrane  (PEM)  fuel  cell,  the  Solid  Oxide 
fuel  cell  (SOFC),  the  Alkaline  fuel  cell  (AFC),  the  Direct  Methanol  fuel  cell  (DMFC), 
and  the  Molten  Carbonate  fuel  cell  (MCFC),  among  others.  Table  2-4  lists  some  of  the 
common  fuel  cells  and  their  capabilities  (230). 


Table  2-4.  Properties  of  fuel  cells  in  current  use  (230,  234). 


Fuel  cell  type 

Operating 

Temperature 

System  Output 

Peak  Efficiency 

Alkaline  (AFC) 

90  -  100°C 

5  -  150  kW 

60% 

Phosphoric  Acid 

(PAFC) 

160  -  220°C 

50  kW  to  1 1 

MW 

80-85%  overall  with 

combined  heat  and  power 

(CHP),  40%  electric 

Polymer 

Electrolyte 

Membrane  (PEM) 

50-  120°C 

5-250  kW 

60%  transportation,  35% 

stationary 

Molten  Carbonate 

(MCFC) 

600  -  800°C 

100  kW  to  2 

MW 

85%  overall  with  CHP,  50% 

electric 

Solid  Oxide 

(SOFC) 

650  -  1000°C 

100-250  kW 

85%  overall  with  CHP,  60% 

electric 
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Each  fuel  cell  has  characteristics  that  make  it  desirable  in  certain  applications. 
The  high  temperature  fuel  cells  like  MCFC  and  SOFC  can  use  small  amounts  of  carbon 
monoxide  as  a  fuel  and  SOFC  can  also  process  small  amounts  of  methane  (230,  231). 
The  higher  operating  temperature  systems  can  use  a  combined  heat  and  power  (CHP) 
system  to  increase  efficiency  by  making  use  of  the  waste  heat.  The  largest  hurdle  that 
fuel  cells  must  overcome  is  their  sensitivities  to  impurities  in  the  hydrogen  gas  stream, 
and  the  operating  temperature  and  weight  of  the  fuel  cells  (230).  When  fuel  reformation 
to  produce  hydrogen  is  coupled  with  an  engine  or  fuel  cell,  the  waste  heat  can  be  used  to 
supply  heat  to  the  reformer,  increasing  efficiency  (232).  There  are  downsides  to  using 
hydrogen  as  a  transportation  energy  source,  due  to  the  high  pressures  and/or  low 
temperatures  needed  to  store  enough  hydrogen  gas  to  practically  use.  This  is  because  of 
the  low  energy  density  of  hydrogen  by  volume  compared  to  hydrocarbon  fuels.  Also, 
hydrogen  gas  has  the  propensity  to  leak  from  metal  containers  and  causes  weakness  to 
metals.  Therefore,  other  methods  including  storage  as  metal  hydrides  and  chemical 
storage  along  with  gaseous  and  liquid  hydrogen  storage  are  being  researched  (233). 

It  is  obvious  that  hydrogen  and  synthesis  gas  have  many  important  and  possible 
uses,  so  the  challenge  lies  in  effective  and  sustainable  production.  Fossil  fuels  are  used 
for  almost  all  production,  but  their  supply  is  finite  and  quickly  being  consumed,  and  are 
seen  more  as  a  medium  tenn  source  of  hydrogen.  Electrolysis  is  promising,  but  may  only 
have  specific  applications.  The  gasification  of  biomass  is  seen  as  an  important  step  in 
sustaining  the  production  of  hydrogen  and  syngas  after  fossil  fuels  become  prohibitively 


expensive. 
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2.5.  GLYCERIN  GASIFICATION 

As  explained  above,  the  main  byproduct  of  biodiesel  production  is  crude  glycerin, 
which  is  glycerin  containing  impurities  such  as  alcohol,  salts,  heavy  metals  and  water 
(86).  This  crude  glycerin  must  be  further  purified  to  be  used  in  many  of  the  applications 
pure  glycerin  is  used.  Section  2.3  introduced  the  idea  of  using  glycerin  as  a  feedstock  or 
reactant  in  the  formation  of  liquid  chemicals,  while  the  rest  of  this  section  will  review 
using  glycerin  to  produce  gaseous  species. 

The  general  idea  of  glycerin  gasification,  or  the  gasification  of  any  hydrocarbon, 
is  to  react  it  with  water  at  elevated  temperatures  to  produce  hydrogen,  carbon  monoxide, 
carbon  dioxide,  methane  and  perhaps  other  gaseous  hydrocarbons  (235).  The  liquid 
products  that  fonn,  usually  at  lower  temperatures,  have  been  reviewed  already  in  this 
section.  Various  chemical  reactions,  which  will  be  discussed  in  more  detail  later,  occur 
to  produce  this  mixture  of  gases.  Table  2-5  reviews  some  of  the  tenninology  used  in 
various  studies.  This  is  not  an  exhaustive  list,  because  many  times  the  terms  are  used 
interchangeably  or  in  a  different  manner  by  different  groups  or  different  countries. 

For  example,  many  times  the  terms  gasification  and  reformation  are  used 
interchangeably.  Usually  reformation  is  refonning  one  gas  into  another,  i.e.  methane  into 
syngas;  while  gasification  is  turning  a  liquid  or  solid  into  a  gas,  and  usually  uses  oxygen 
(59).  These  two  tenns  come  from  the  long  history  of  methane  reformation  and  coal 
gasification.  Because  many  of  the  reactions,  reaction  conditions  and  equipment  are 
similar,  the  terms  are  used  interchangeably,  especially  when  dealing  with  compounds  that 


are  neither  methane  nor  coal. 
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Table  2-5.  Reaction  nomenclature  and  description  for  the  reactions  involving  water, 

oxygen  and  hydrocarbons. 


Reaction 

Description 

Steam  reforming  (gasification) 

Endothermic,  T>350°C,  with/without 

catalyst 

Liquid  phase  (aqueous)  refonning 

Endothermic,  T<350°C,  high  pressure, 

with/without  catalyst 

Partial  oxidation 

No  water,  includes  oxygen,  with/  without 

catalyst,  T>800°C 

Autothennal  reforming  (Wet  oxidation) 

Partial  oxidation  plus  steam  reforming, 

500  to  800°C,  no  energy  input  needed 

Supercritical  water  (SCW)  refonning 

High  pressure,  T  >  374°C,  with/without 

catalyst 

Supercritical  water  partial  oxidation 

SCW  reforming  plus  partial  oxidation 

Other  tenns  that  are  frequently  used  are  yield  and  gasification  percentage.  Yield, 
as  defined  here  and  in  many  other  sources,  is  the  molar  flow  of  that  particular  gas  out  of 
the  reactor  divided  by  the  molar  inlet  flow  of  the  reactant.  Hydrogen  yield  in  this  paper  is 
molar  flow  of  hydrogen  out  divided  by  molar  flow  of  glycerin  into  the  system.  It  is  a 
dimensionless  number.  Other  papers,  usually  when  dealing  with  more  complicated 
reactants  (coal,  sewage  sludge,  etc.)  will  define  yield  as  gas  flow  out  divided  by  carbon 
flow  in,  because  the  total  carbon  entering  the  system  is  easier  to  calculate.  Gasification 
percentage  is  the  carbon  leaving  the  system  as  gas  divided  by  the  carbon  that  entered  in 
the  fuel.  It  represents  how  much  of  the  reactant  was  converted  to  gaseous  carbon. 
Sometimes  this  will  be  called  carbon  gasification  or  carbon  conversion,  or  in  this  context, 
glycerin  gasification  or  glycerin  conversion.  At  other  times,  conversion  is  glycerin 
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converted  into  liquid  and  gaseous  products,  so  care  must  be  taken  to  determine  what  each 
author  is  using  as  a  definition. 

2.5.1.  Sub-Critical  Glycerin  Gasification.  Numerous  studies  have  been 
conducted  on  the  atmospheric  or  low  temperature  gasification  of  glycerin  with  steam  or 
liquid  water.  Studies  were  conducted  with  and  without  catalysts,  in  batch  and  continuous 
operations,  at  various  pressures,  temperatures,  residence  times  and  glycerin 
concentrations.  A  number  of  these,  especially  those  that  are  similar  or  relevant  to  the 
experiments  performed  in  this  work,  are  summarized  here.  This  section  will  give  a  brief 
introduction  into  the  current  state  of  sub-critical  glycerin  gasification. 

Before  all  of  the  studies  are  discusses,  it  should  be  mentioned  that  there  is  a 
company  running  pilot  plant  studies  into  glycerin  steam  reformation.  The  Linde  Group, 
at  a  biodiesel  facility  in  Leuna,  Gennany,  have  a  catalytic  process  that  operates  at  30  bar 
and  temperatures  of  600  to  850°C.  They  first  purify  the  glycerin  by  removing  the  salt, 
then  dilute  with  water,  pump  up  to  pressure  and  heat  to  reaction  temperatures.  They  do 
not  give  many  specifics  on  the  catalysts,  reactor  type,  dilution,  etc.  The  gas  produced 
contains  hydrogen,  carbon  monoxide,  carbon  dioxide,  methane  and  other  hydrocarbons. 
They  use  steam  methane  refonning  and  after  cooling,  they  use  the  water  gas  shift  reaction 
and  pressure  swing  adsorption  to  produce  pure  hydrogen.  They  report  hydrogen 
production  of  4.4  kg/h.  Linde  Group  announced  the  construction  in  2009  and  began 
producing  hydrogen  in  mid-2010  (120,  236). 

Adhikari  et  al.  tested  fourteen  different  catalysts  at  temperatures  from  700  to 
900°C  and  determined  that  Ni/ALCb  and  Rh/CeCL/ALCb  had  the  highest  hydrogen 
selectivity  and  glycerin  conversion.  These  two  catalysts  were  then  used  to  test  the  effect 
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of  glycerin  concentration,  feed  flow  rate  and  catalyst  loading.  The  water  to  glycerin 
molar  ratio  was  varied  from  3:1  up  to  9:1,  while  the  feed  flow  rate  went  from  0.15  to  0.45 
ml/min  and  catalyst  metal  loading  from  1.5  to  3.5  wt%  in  a  19  mm  ID  tubular  alumina 
reactor.  The  hydrogen  yield  and  glycerin  conversion  increased  with  an  increase  in 
water/glycerin  ratio  and  metal  loading,  and  decreased  with  an  increase  in  flow  rate.  It 
was  detennined  that  the  lowest  feed  flow  rate  (0.15  ml/min)  and  the  highest  water  to 
glycerin  molar  ratio  (9:1)  lead  to  the  highest  hydrogen  yield  (5.04)  at  900°C  with  the 
Ni/AhCf  catalyst.  This  condition  produced  a  90%  glycerin  conversion.  The  product  gas 
was  made  up  of  only  hydrogen,  carbon  monoxide,  carbon  dioxide  and  methane,  but  C2- 
hydrocarbons  were  not  able  to  be  detected.  Up  to  94%  glycerin  conversion  for  both 
catalysts  was  found  at  the  highest  metal  loading  (237). 

In  a  separate  test  of  just  nickel  catalysts,  Adhikari  et  al  determined  that  Ni/CeCb 
was  the  best  performing,  with  a  hydrogen  yield  of  5.177  and  glycerol  conversion  of  99% 
at  a  water/glycerin  molar  ratio  of  12/1,  a  temperature  of  600°C  and  a  feed  flow  rate  of  0.5 
mL/min.  Increases  in  temperature  and  water/glycerol  ratio  had  positive  effects  on 
hydrogen  yield  and  conversion,  while  increases  in  feed  flow  rate  decreased  yield  and 
conversion  (238).  Nickel  catalysts  are  commonly  investigated  because  it  facilitates  C-C 
bond  rupture  (239-242).  Adhikari  and  his  colleagues  have  studied  the  steam  refonning 
of  glycerin  in  other  journal  articles,  in  which  a  thermodynamic  analysis  identified  the 
theoretical  optimum  conditions  for  the  production  of  hydrogen  as  greater  than  630°C, 
atmospheric  pressure  and  a  water-to-glycerol  ratio  of  9/1,  which  are  also  the  conditions 
Rossi  et  al.  and  Wang  et  al.  found  to  be  optimum  (243-246).  The  theoretical  maximum 
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hydrogen  yield  increased  with  an  increasing  water/glycerin  ratio,  but  its  effect  was  small 
at  water/glycerin  ratios  above  9/1  (246,  247). 

The  atmospheric  catalytic  reforming  of  glycerol  was  studied  by  Kunkes  et  al.  at 
temperatures  of  548-623  K  over  a  Pt-based  catalyst.  A  variety  of  platinum  catalysts  were 
tested  at  these  temperatures,  and  it  was  found  that  a  carbon-supported  bimetallic  Pt/Re 
catalyst  was  best  the  for  glycerin  reforming.  Therefore  a  two-catalyst  bed  system  was 
employed,  the  first  bed  using  the  Pt/Re  catalyst  to  reform,  and  the  subsequent  bed  using  a 
Pt/CeC^/ZrCb  catalysts  for  the  water-gas  shift  reaction.  A  12.7  mm  OD  quartz  reactor 
was  used  for  all  experiments.  Concentrated  glycerol  solutions  of  30-80  wt%  were  used, 
and  carbon  conversion  was  between  94-100%  for  these  concentrations  at  573  K  and  a 
0.04  cm'  min'  glycerol  flow  rate  using  the  PtRe/C  and  Pt/CeZrOx  catalysts.  The 
hydrogen  yield  was  6.19  for  the  30  wt%  glycerin  solution,  and  2.81  for  the  80  wt%. 
These  hydrogen  yield  results  are  the  product  of  the  two-catalyst  bed  system,  which  was 
used  to  promote  water-gas  shift.  (248). 

Hirai  et  al.  used  ruthenium  catalysts  at  500-600°C,  a  steam-to-carbon  molar  ratio 
of  3.3/1  and  a  contact  time  of  13.4  g_cat  h/mol.  Ruthenium  (Ru)  was  chosen  after 
screening  several  other  metals,  such  as  Rh,  Ni,  Co,  Pt,  Pd,  and  others.  It  had  the  highest 
hydrogen  selectivity,  but  Rh  had  a  higher  glycerin  conversion.  The  ruthenium  was  then 
tested  on  a  variety  of  supports,  which  have  a  dramatic  effect  on  the  perfonnance. 
RU/Y2O3  had  the  best  results,  and  reported  complete  conversion  to  gas  at  600°C  and  a  5.8 
hydrogen  yield.  It  is  interesting  to  note  that  without  a  catalyst,  the  conversion  was  only 


1.6%  (249). 
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Zhang  et  al.,  using  an  Ir/CeCF  catalyst,  had  100%  conversion  at  400°C  with  a 
hydrogen  yield  of  5.99.  The  experiments  were  conducted  at  atmospheric  pressure,  with  a 
volumetric  ratio  of  C^fhCf/HiO/Hc  =  2/18/80  vol.  %  and  a  gas  hourly  space  velocity  of 
1 1,000  ml/g  -cat*h,  at  temperatures  from  250  to  550  C.  Ir,  Co  and  Nf  catalysts  were  tested 
and  Ir  had  the  highest  conversion  and  hydrogen  yield.  For  Ir,  conversion  increased  with 
temperature,  from  40%  at  250°C  to  100%  at  400°C,  after  which  the  hydrogen  yield 
increased  and  conversion  remained  100%.  Hydrogen  yield  was  5.99  at  400°C  and 
increased  to  6.58  at  550°C,  the  highest  measured.  The  other  catalysts  had  similar  trends 
but  did  not  perfonn  as  well.  The  authors  note  that  since  the  decomposition  of  glycerol  to 
methane  is  highly  favorable,  the  catalyst  should  be  able  to  reform  methane  at  the  reaction 
conditions  (250). 

The  steam  refonning  of  crude  glycerol  with  in-situ  CO 2  sorption  was  evaluated  by 
Dou  et  al.,  using  crude  glycerin  with  a  composition  of  between  70-90%  glycerin,  with  the 
remainder  made  up  of  water  and  methanol.  The  temperature  was  varied  between  400  and 
700°C  at  atmospheric  pressure  at  a  4  mL/h  flow  rate  and  a  3.0/1  steam  to  carbon  molar 
ratio.  The  experiments  were  conducted  with  and  without  a  calcined  dolomite  CCF- 
sorbent  in  a  344  cnr  tubular  reactor  with  a  nickel  catalyst  (251).  This  work  was 
compared  against  an  earlier  work  by  Dou  et  al.  in  which  pure  glycerin  was  refonned 
(252).  Without  sorbent,  the  crude  glycerol  conversion  increased  from  71%  at  400°C  to 
100%  at  600°C,  while  the  pure  glycerin  increased  from  63%  at  400°C  to  97%  at  600°C. 
Conversion  for  both  was  near  100%  at  700°C.  The  gas  compositions  of  both  pure  and 
crude  glycerin  were  also  similar,  with  hydrogen  being  the  dominant  gas  species,  followed 
by  carbon  dioxide  and  carbon  monoxide.  The  maximum  hydrogen  yield  for  pure  and 
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crude  glycerin  was  6.6  at  700°C.  There  was  significant  methane  at  400°C,  but  was 
negligible  at  600°C  and  above.  The  CO2  sorbent  was  able  to  decrease  the  amount  of  CO2 
and  hence  raise  the  hydrogen  selectivity.  The  CO2  sorbent  lasted  between  7  and  28 
minutes  before  CO2  breakout,  depending  on  temperature.  Dou  et  al.  concluded  that 
temperatures  around  500°C  are  optimal  for  glycerol  steam  reforming  with  CO2  removal, 
because  around  this  temperature  the  hydrogen  purity  is  highest  and  the  CO2  breakthrough 
time  is  the  longest.  In  another  work,  Dou  et  al.  investigated  the  kinetics  of  both  pure  and 
crude  glycerol  pyrolysis  at  atmospheric  pressure,  and  detennined  that  there  are  four 
distinct  phases  in  glycerol  decomposition,  which  can  be  modeled  by  a  first-order  power- 
law  model.  The  most  active  phase  for  glycerin  decomposition  was  the  phase  from  426  to 
548  K,  when  about  67-70%  of  the  glycerin  decomposed  to  gas.  The  main  gas 
components  of  the  decomposition  were  CO2,  CH4,  CO  and  Tf  (118). 

At  ambient  or  near  ambient  pressures,  a  membrane  can  be  used  to  separate  the 
hydrogen  produced  during  reformation  from  the  other  reactants  and  products.  This  was 
investigated  by  Iulianelli  et  al.  in  a  Pd-Ag  membrane  reactor  using  a  C0-AI2O3  catalyst. 
The  experiments  were  conducted  at  400°C,  a  H20/Glycerol  molar  ratio  of  6/1,  a  weight 
hour  space  velocity  (WHSV)  of  1.01  h'1  and  at  pressures  of  1  and  4  bars.  At  1  bar,  the 
glycerol  conversion  was  50%  and  at  4  bar  it  increased  to  94%,  the  highest  achieved  for 
these  experiments.  The  higher  pressure,  however,  increased  the  production  of  methane, 
so  that  the  hydrogen  yield  decreases  with  pressure.  The  efficiency  of  the  membrane  was 
measured  by  the  percentage  of  CO-free  hydrogen  recovered,  which  was  less  than  5%  at  1 
bar  but  higher  than  60%  at  4  bar.  The  C0-AI2O3  catalyst  is  deactivated  over  time,  with 
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glycerin  conversion  dropping  irreversibly  after  a  time  on  stream  of  more  than  180 
minutes  (253). 

Using  a  Pt/Al2C>3  catalyst,  Cortright  et  al.  refonned  various  oxygenated 
hydrocarbons  using  liquid  water  (35).  For  glycerol,  temperatures  of  498  and  538  K  were 
studied  at  1  wt%  and  a  feed  rate  of  0.008  g  of  glycerol  per  g  of  catalyst  per  hour,  which 
lead  to  83  and  99%  gasification,  respectively.  The  pressure  was  29  bar  at  498  K  and  56 
bar  at  538  K.  The  gas  phase  composition  was  mostly  hydrogen  (57-65  mol.  %)  and 
carbon  dioxide  (30-32  mol.  %),  the  rest  being  hydrocarbons.  The  highest  conversion 
(99%)  and  hydrogen  yield  (5.64)  was  found  at  the  highest  temperature.  There  was  a 
negligible  amount  of  carbon  monoxide  produced  at  both  conditions.  A  10  wt%  glycerin 
solution  (molar  ratio  of  H20/C  =  15)  had  77%  conversion  to  gas  and  a  hydrogen  yield  of 
3.773  at  498  K. 

A  patent  application  by  Cortright  and  Dumesic  make  use  of  a  Pt-Re/C  catalyst  to 
produce  synthesis  gas  from  glycerin,  and  a  Ru/TiCF  catalysts  to  produce  liquid 
hydrocarbons  via  Fischer-Tropsch  synthesis  (254).  The  preferred  form  of  the  patent  has 
both  catalysts  present  in  a  single  bed,  so  that  the  energy  needed  for  the  endothennic 
refonnation  of  glycerin  is  partially  provided  by  the  exothermic  Fischer-Tropsch 
synthesis.  Other  versions  of  the  process  envision  separate  reactors  for  each  reaction  with 
heat  exchange  between  them.  The  Pt-Re/C  catalyst  was  chosen  because  it  was  found  that 
the  addition  of  Re  enhanced  hydrogen  fonnation,  and  that  other  supports  such  as  AI2O3, 
Zr02  and  MgO/ZrO  exhibited  rapid  deactivation  (203,  248).  The  process  would  be 
atmospheric,  with  temperatures  less  than  or  equal  to  750  K.  The  glycerin  gasification 
results  given  in  the  patent  application  are  the  same  as  those  reported  by  Soares,  Simonetti 
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and  Dumesic,  which  are  reviewed  below  (203).  Cortright  and  Dumesic  were  able  to 
produce  FT  liquids  from  the  water/glycerin  mixture  using  a  combined  bed  of  catalysts  at 
548  K,  5  bar  and  80  wt%  glycerin.  Fourteen  percent  of  the  carbon  entering  the  reactor 
left  as  organic  liquid,  with  sixteen  percent  being  organic  liquids  and  the  rest  was  present 
in  the  gas  phase.  Higher  conversions  to  organic  liquids,  up  to  50%,  were  seen  with 
different  feed  stocks  and  conditions. 

Soares,  Simonetti  and  Dumesic  used  platinum-based  catalysts  to  gasify  glycerin  at 
temperatures  from  498  to  723  K  at  atmospheric  pressure.  They  tested  Pt  supported  on 
carbon,  AI2O3,  ZrCF,  CeCF/ZrCF  and  MgO/ZrCF  and  found  that  Pt/C  had  the  least 
deactivation,  so  was  used  for  the  subsequent  experiments.  Flow  rates  were  varied  from 
0.06  to  0.64  cm3/min,  glycerin  wt%  from  20  to  50%,  and  the  temperature  from  573  to  723 
K.  The  highest  gasification  percentage  was  100%  at  673  K,  30  wt%  and  a  flow  rate  of 
0.06  cm  / min.  However,  after  3  hours,  gasification  fell  to  72%.  Higher  temperatures  led 
to  lower  conversion  by  catalyst  deactivation.  Higher  concentrations  and  flow  rates  also 
lead  to  less  gasification  (203). 

Lehnert  and  Claus  used  an  aqueous-phase  reforming  process  at  conditions  of  2 
MPa,  250°C,  10  wt%  glycerin  to  produce  hydrogen  from  both  pure  and  crude  glycerin 
over  various  platinum  catalysts.  The  catalysts  used  had  similar  results,  with  maximum 
glycerin  conversion  of  45%  and  a  maximum  hydrogen  yield  of  3.4  using  pure  glycerin.  It 
was  found  that  the  catalyst  support  had  a  large  effect  on  conversion  and  hydrogen  yield. 
On  a  Pt/AFOa  catalyst,  a  y-Alumina  support  lead  to  8%  conversion,  while  a  Puralox 
support  had  57%  conversion  at  the  same  conditions.  Crude  glycerin  did  not  perform  as 
well,  with  seven  times  less  hydrogen  produced  compared  with  pure  glycerin,  and  it  was 
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found  that  the  salt  impurities  in  the  crude  glycerin  lead  to  a  loss  of  catalytic  activity 
(255). 

Huber  et  al.  also  used  an  aqueous-phase  refonning  process  to  produce  hydrogen 
from  oxygenated  hydrocarbons.  They  used  a  Raney  Ni-Sn  catalyst  at  temperatures  of 
220  and  260°C,  2.5  to  5.1  MPa,  1  to  5  wt%  glycerin,  and  had  a  maximum  carbon 
gasification  of  100%  at  the  highest  temperature  and  pressure  and  lowest  glycerin 
concentration,  with  a  maximum  hydrogen  yield  of  5.32.  The  Raney  Ni-Sn  catalyst  was 
chosen  because  it  was  not  a  precious  metal,  and  because  it  decreased  the  rate  of  methane 
formation  without  inhibiting  hydrogen  production  (256). 

Menezes  et  al.  conducted  aqueous-phase  refonning  at  lwt%  glycerin,  225°C,  and 
23  bar,  in  a  Parr  batch  reactor  over  various  platinum  supported  catalysts,  Pt/A1203, 
Pt/Ce02  /  Pt/ZrC>2  and  Pt/MgO.  The  reaction  time  for  all  experiments  was  3  hours. 
Conversion  and  hydrogen  yield  was  low  for  all,  with  a  maximum  conversion  of  26%  and 
a  hydrogen  yield  of  1 .6  over  the  Pt/ZrCL  catalyst.  Liquid  analysis  found  that  propanone 
and  ethanol  were  byproducts,  but  the  concentrations  were  low,  2-732  ppm.  As  with 
Lehnert  and  Claus,  they  found  that  catalyst  support  plays  a  role  in  catalytic  glycerol 
refonning  (257). 

Pompeo,  Santori  and  Nichio  used  platinum  catalysts  for  glycerol  steam  refonning 
at  250  to  450°C,  1  atm,  and  10  wt%  glycerin  at  a  space  time  of  0.2  to  6.5  minutes  in  a 
quartz  tubular  reactor.  The  platinum  catalysts  were  supported  on  SiC>2,  ZrCL,  y-ALCL 
and  a-ALCL  modified  with  Ce  and  Zr.  They  found  that  the  Pt/SiCL  catalyst  was  the  most 
suitable,  having  the  highest  gasification  and  hydrogen  yields  and  longest  stability.  Using 
this  catalyst,  at  350°C  it  was  found  that  space  times  below  1.5  minutes  resulted  in  liquid 
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intermediates,  but  above  this  time  the  glycerin  was  fully  gasified.  The  liquid 
intennediates  included  mostly  2-propanone- 1,3 -dihydroxy,  and  in  lesser  quantities  2- 
propanone-1 -hydroxy,  propanal-2-oxo,  2,3-dihydroxy-propanal,  1,2-ethanediol  and 
acetaldehyde.  At  a  space  time  of  0.88  minutes  the  effect  of  increasing  temperature  found 
that  complete  gasification  only  occurred  at  450°C.  The  maximum  hydrogen  yield,  6.7, 
was  at  the  longest  space  time,  6.5  minutes  and  350°C  (258). 

The  reformation  of  both  pure  and  crude  glycerin  was  studied  by  Slinn  et  ah,  with 
the  refonnation  of  pure  glycerin  optimized  first  and  then  compared  to  crude  glycerin. 
Experiments  were  conducted  in  a  4.8  cm  stainless  steel  tubular  reactor  with  a  platinum 
alumina  catalyst  at  temperatures  of  580  to  880°C,  steam-to-carbon  ratios  of  0.5  to  2.5, 
flow  rates  of  0.03  to  0.59  mol/min  glycerin  per  kg  of  catalyst,  and  at  atmospheric 
pressure.  With  pure  glycerin  at  850°C,  the  gasification  percentage  remained  near  100% 
for  steam-to-carbon  ratios  between  0.5  and  2.5,  but  the  hydrogen  selectivity  increased 
with  increasing  S/C  ratios.  The  same  trend  is  seen  when  increasing  the  glycerin  flow 
rate.  Increased  methane  production  is  seen  at  higher  flow  rates.  For  pure  glycerin,  the 
highest  hydrogen  yield,  5.5,  was  seen  at  the  highest  temperature,  highest  steam-to-carbon 
ratio  and  at  a  flow  rate  of  0. 12  mol/min  of  glycerin  per  kg  of  catalyst.  The  crude  glycerin 
was  obtained  from  Green  Biodiesel  Ltd.  and  contained  40%  fatty  matter,  33%  glycerol, 
23%  methanol,  3.8%  ash  and  3.2%  water.  The  crude  glycerin  was  more  difficult  to 
reform  due  to  the  large  amount  of  long  chain  fatty  matter,  up  to  Ci8,  and  was  more  likely 
to  form  carbon  deposits  on  the  catalyst.  The  gasification  of  crude  glycerin  was 
maximized  at  90%  at  800°C,  and  the  maximum  hydrogen  yield  was  4.9.  In  general, 
under  the  same  reaction  conditions  the  gasification  and  hydrogen  yield  of  crude  glycerin 
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was  70%  that  of  pure  glycerin.  Also,  the  catalyst  deactivated  faster  with  the  crude 
glycerin,  due  to  impurities  and  increased  coke  formation  (232). 

The  aqueous-phase  reforming  of  various  oxygenated  hydrocarbons,  including 
glycerol,  was  studied  by  Shabaker,  Huber  and  Dumesic.  They  used  platinum,  nickel,  and 
tin  modified  nickel  catalysts.  The  Raney-Ni,  Raney-NiSn,  and  Pt/ALCfi  catalysts 
displayed  adequate  stability,  while  the  Ni/AfiCfi  and  NiSn/ALCfi  catalysts  deactivated 
quickly  due  to  sintering.  Operating  conditions  included  temperatures  of  498  to  538  K,  1 
wt%  reactant,  26-51  bar,  liquid  hourly  space  velocities  (LHSV)  of  0.64  to  10.3  h'1,  in  a 
stainless  steel  batch  reactor.  They  reported  a  100%  carbon  gasification  at  538  K,  51  bar,  a 
Raney-NiSn  catalysts  and  a  LHSV  of  10.3  h"1,  but  also  had  4%  carbon  in  the  liquid.  All 
the  catalysts  deactivated  over  time,  and  the  best  catalysts,  Raney-NiSn,  had  72%  of  its 
initial  activity  after  48  hours.  The  worst,  Ni/ALCfi,  lost  90%  of  its  activity  over  48  hours 
of  operation  (259). 

Cheng  et  al.  studied  synthesis  gas  production  from  glycerol  steam  refonning  over 
a  C0/AI2O3  catalyst.  They  used  temperatures  from  450  to  550°C,  30-60  wt%  glycerin  at 
atmospheric  pressure  in  a  stainless  steel  10  mm  ID  tubular  reactor.  The  cobalt  was  used 
because  cobalt  is  a  well-known  Fisher-Tropsch  catalyst,  and  in  the  future  they  hope  to 
develop  an  integrated  gasification  and  hydrocarbon  synthesis  reactor.  The  product  gas 
was  made  up  primarily  of  hydrogen  and  carbon  dioxide,  with  less  carbon  monoxide  and 
very  little  methane.  The  yield  of  all  gasses  increased  with  temperature,  as  did  the 
gasification  percentage.  A  larger  percentage,  20  to  24%,  of  the  carbon  fed  was  deposited 
on  the  catalyst  as  coke  (260). 
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The  steam  reforming  of  glycerol  was  studied  using  Ni/ZrCf  or  Ni/CeCf  catalysts 
on  a-Al203  supports  by  Buffoni  et  al.  at  temperatures  of  450  to  600°C,  1  atmosphere,  and 
a  water/glycerin  ratio  of  6/1  in  a  8  mm  ID  quartz  tubular  reactor.  It  was  determined  that 
the  Ni/CeOi/a-AbCf  was  the  most  stable,  and  that  the  Ni/ZrCVa-AhCfi  exhibited  fast 
catalyst  deactivation  due  to  coking.  At  450°C,  both  catalysts  exhibited  fast  deactivation 
due  to  coking.  As  a  function  of  time,  both  catalysts  deactivated,  but  Ni/ZrCVa-AhCfi  did 
so  immediately,  while  Ni/CeCfi/a-AfiCfi  was  stable  up  to  eight  hours.  Gasification  and 
gas  yields  increased  with  temperature.  Hydrogen  was  the  most  abundant  gas  species, 
followed  by  carbon  dioxide  and  carbon  monoxide.  Very  little  methane  was  fonned 
(241). 

The  effectiveness  of  Pt/C  and  Pt-Re/C  catalysts  for  glycerin  refonning  was 
investigated  by  King  et  al.  at  225°C,  29  atmospheres,  and  10  wt%  glycerin  in  a  tubular 
stainless  steel  reactor.  A  3%Pt/C  catalysts  and  two  3%Pt-Re/C  catalysts  with  different 
Re  loadings  of  1  and  3%  were  used.  The  addition  of  Re  significantly  increases  the 
conversion  of  glycerol,  with  gasification  increasing  from  about  4%  with  3%Pt/C  to  52% 
with  3%Pt-3%Re/C  catalysts.  The  addition  of  KOH  decreased  the  gasification 
percentage  for  the  Re  catalysts  but  increased  gasification  with  the  Pt/C  catalyst. 
Hydrogen  yield  was  highest  with  the  3%Pt-3%Re/C  catalyst.  They  propose  a  platinum 
catalysis  pathway  with  ethylene  glycol,  propylene  glycol,  ethanol  and  methanol  as  the 
main  liquid  intennediates,  based  on  the  HPLC  analysis  (261). 

The  Sricharoenchaikul  group  from  Chulalongkom  University  in  Thailand  has 
been  various  catalysts  for  the  gasification  of  crude  glycerin.  The  first  paper  uses  olivine 
(LiFePCfi)  and  nickel  olivine  catalysts  at  500  to  800°C  and  one  atmosphere  in  a  23  cm  x 
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2.2  cm  ID  quartz  tubular  reactor.  The  crude  glycerin  was  obtained  from  a  local  biodiesel 
manufacturer  using  palm  oil  as  the  feedstock.  An  elemental  analysis  on  the  crude 
glycerin  found  that  it  contained  36.40%  carbon,  8.76%  hydrogen,  0.67%  sulfur  and 
54.17%  oxygen.  The  analysis  determined  there  were  13.56%  moisture  and  2.43%  ash  in 
the  crude  glycerin.  No  water  was  added  during  the  gasification,  so  the  steam  to  carbon 
ratio  was  0.25,  which  is  87.2  wt%  glycerin.  This  ratio  is  entirely  due  to  the  water  present 
in  the  crude  glycerin.  They  found  that  both  olivine  and  Ni/olivine  displayed  excellent 
stability  and  high  reactivity  when  compared  to  non-catalytic  reformation.  They  found 
that  gasification  increases  with  temperature,  and  the  liquid  products  decrease,  while  the 
solid  component  is  stable  at  about  5  wt%.  Reaction  temperatures  showed  little  effect  on 
the  solid  component.  The  catalytic  gasification  increased  from  about  15%  to  85%  as 
temperature  increased  from  500  to  800°C,  but  the  non-catalytic  experiments  only 
increased  from  about  4%  to  32%.  The  hydrogen  yield  is  not  calculated,  because  that 
result  is  based  on  the  ideal  reaction  of  one  mole  of  glycerin  with  three  moles  of  water  to 
produce  seven  moles  of  hydrogen.  Since  the  chemical  make-up  of  the  crude  glycerin  is 
unknown,  a  yield  for  these  types  of  experiments  would  not  be  comparable  to  the  others 
using  pure  glycerin  or  known  components.  The  production  of  hydrogen  does  increase 
with  temperature,  but  the  main  gaseous  component  is  methane  (122). 

The  other  Sricharoenchaikul  group  paper  is  crude  glycerin  gasification  over 
perovkite-type  oxide  catalysts,  in  this  instance  LaCoCb  and  LaNiCb  catalysts  at  the  same 
reaction  conditions  as  the  above  paper.  This  study  used  a  37  mm  long  and  30  mm  OD 
quartz  tubular  reactor.  The  composition  of  the  crude  glycerin  was  also  the  same.  The 
solid  component  was  4%  to  17%  of  the  product,  and  decreased  with  increasing 
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temperature.  Gasification  increased  with  temperature  from  5%  to  55%  with  the 
temperature  increase.  Hydrogen,  carbon  oxides  and  methane  all  increased  with 
temperature.  LaNiC>3  appeared  to  be  more  effective  than  LaCoC>3  because  it  produced 
more  hydrogen  and  had  slightly  higher  gasification  (262). 

Wen  et  al.  conducted  a  catalysis  test  on  hydrogen  production  by  aqueous  phase 
refonning  of  glycerin  in  a  3  cm  I.D.,  58  cm  long  stainless  steel  reactor.  Mild 
temperatures  and  pressures  were  used,  and  both  the  supports  and  the  metal  catalysts  were 
tested.  The  metals  were  Co,  Ni,  Cu  and  Pt,  and  it  was  found  that  Pt  was  highly  stable  and 
the  most  active.  Then  Pt  was  placed  on  six  different  supports  and  it  was  found  that  the 
activity  of  the  support  was  as  follows:  SAPO-1 1  <  active  carbon  <  HUSY  <  SiC>2  <  MgO 
<  AI2O3.  SAPO-1 1  and  HUSY  are  both  zeolite  supports.  The  Pt/MgO  and  Pt/SAPO-1 1 
deactivated  with  time  the  fastest.  The  other  catalysts  did  deactivate  with  time,  but  more 
slowly.  Gasification  was  low,  2-22%  depending  on  the  catalyst  and  support,  as  was 
hydrogen  yield,  0.19-1.58.  They  found  liquid  products  of  methanol,  acetaldehyde, 
ethanol,  1 -hydroxy-2 -propanone,  acetic  acid,  1 -propanol,  ethylene  glycol,  propanoic  acid 
and  1,2-propylene  glycol  (263). 

Wawrzetz  et  al.  used  Pt/ALCL,  catalysts  in  a  stainless  steel  tube  at  225°C,  25.7  to 
44.4  atm  and  10  to  30  wt%  glycerin.  They  found  that  pressure  had  no  effect  on  the 
glycerin  conversion,  but  did  push  the  reactants  away  from  hydrogen  and  carbon  dioxide 
and  increased  1,2-Propanediol  production.  Very  little  carbon  monoxide  was  produced  for 
any  experimental  condition.  Liquid  products  include  methanol,  acetaldehyde,  ethanol,  1- 
hydroxy-2-propanone,  acetic  acid,  1 -propanol,  ethylene  glycol,  propanoic  acid,  propanal, 
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1,2-propylene  glycol  and  1,3-propylene  glycol.  The  most  common  was  1,2-propylene 
glycol  and  ethanol  (264). 

Luo  et  al.  also  used  Pt/ALCfi  catalysts  in  a  stainless  steel  tubular  reactor  to  study 
glycerin  aqueous  phase  refonnation.  They  found  that  hydrogen  yield  and  gasification 
increased  with  Pt  loadings  of  0.9  wt%  >  0.6  wt%  ~  1.2  wt%  >  0.3  wt%.  Gasification  and 
hydrogen  yield  increased  with  temperature  from  180°C  to  220°C,  and  decreased  with 
increasing  glycerin  concentration  from  5  wt%  to  10  wt%  glycerin.  Catalytic  deactivation 
occurred  over  time.  They  suggested  a  reaction  pathway  with  liquid  intermediates  such  as 
methanol,  ethanol,  acetone,  acetic  acid,  2,3  dihydroxylpropanal,  propylene  glycol  and 
diglycerol,  formed  from  dehydration  and  hydrogenation.  The  methanation  reaction  was 
also  included  in  the  reaction  pathway  (265). 

The  pyrolysis  and  steam  gasification  of  glycerin  was  investigated  in 
Valliyappan’s  M.S.  thesis.  Mainly  the  results  of  the  steam  gasification  will  be  reviewed 
here.  Pyrolysis  always  produced  more  char  and  less  gasification  than  steam  gasification. 
One  temperature  was  used,  800°C,  at  three  different  steam  to  glycerin  rations.  The 
reactor  was  also  packed  with  two  different  materials,  either  quartz  or  silicon  carbide. 
Char  was  always  produced,  and  was  at  a  minimum  of  10%  at  the  highest  dilution.  With 
increasing  water,  the  gasification  and  hydrogen  yield  increased.  The  major  liquid 
products  were  methanol,  acetone,  and  acetic  acid.  During  pyrolysis,  it  was  found  that 
liquids  were  produced,  and  the  majority,  97  wt%,  of  the  liquid  phase  was  water.  It  was 
concluded  that  the  glycerin  undergoes  dehydration  prior  to  any  carbon-carbon  bond 
breakage,  at  least  during  pyrolysis.  Crude  glycerin  was  also  tested,  and  in  general  the 
gasification  was  more  difficult  due  to  the  addition  of  salts,  which  produced  more  char.  It 
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was  determined  that  the  crude  glycerin  contained  60  wt%  glycerin,  31  wt%  methanol,  7.5 
wt%  water  and  1.5  wt%  potassium  hydroxide.  The  crude  glycerin  results  are  not  given  in 
the  table  below,  only  the  pure  glycerin  results  (266). 

Table  2-6  summarizes  the  conditions  used  for  the  above  sub-critical  glycerin 
refonnation  journal  articles,  as  well  as  the  range  of  glycerol  gasification  and  hydrogen 
yield.  The  hydrogen  yield  is  defined  as  the  moles  of  hydrogen  gas  in  the  product  stream, 
divided  by  the  moles  of  glycerin  fed  into  the  system.  The  glycerin  conversion  is  the 
amount  of  carbon  in  the  outlet  gas  phase  divided  by  the  carbon  entering  the  system  as 
glycerin.  The  Linde  Group’s  commercial  steam  reformer  is  not  included  in  the  table, 
because  too  few  facts  about  the  process  were  given. 

2.5.2.  Supercritical  Glycerin  Gasification.  As  the  above  section  was  an 
overview  of  sub-critical  glycerin  gasification,  this  section  is  for  supercritical  glycerin 
gasification.  Again,  a  variety  of  reactor  types,  catalysts,  temperatures,  pressures,  and 
feed  concentrations  are  used  in  these  experiments,  in  order  to  illustrate  the  large  variety 
of  work  done  in  this  field. 

Chakinala  et  al.  investigated  the  non-catalytic  gasification  of  glycerin  in 
supercritical  water  using  a  10  wt%  glycerin  solution,  and  found  that  the  gasification 
percentage  and  the  gas  yields  increased  with  temperature  over  the  range  550  to  650°C  at 
25.0  MPa  (267).  The  product  gas  was  predominately  hydrogen  and  carbon  monoxide 
over  the  temperature  range  studied,  with  the  highest  hydrogen  yield  (2.5)  and  gasification 
percentage  (92%)  occurring  at  650°C.  Residence  times  between  4  and  11  seconds  were 
studied,  with  the  gasification  percentage  increasing  linearly  with  time.  They  also 
conducted  experiments  with  amino  acids  and  alkali  salts,  and  found  that  amino  acids  led 


Table  2-6.  Range  of  conditions  used  and  maximum  results  for  glycerin  reformation  via  sub-critical  water. 


Reference 

Reactor 

Temperature 
(°C ) 

Pressu  re 
(atm) 

wt.% 

glycerin 

Catalyst 

Glycerin 
Gasification  % 

ll2  yield 

(237) 

Alumina  tubular 

700-900 

1 

.36-63 

Ni/AljOj  and 
RhCeCVAhOs 

15-94% 

0.50-5.04 

( 238 ) 

SS.'lubular 

550-650 

1 

30-46 

Ni.CcO,  M/MgO 
and  Ni/Ti02 

49-99% 

0.62-5.18 

(248) 

quart/,  tubular 

270-345 

l 

30-80 

PtRe.C  and 
IVCeZrCX 

30-100% 

2.81-6.19 

(249) 

SS.'tubular 

500-600 

1 

34 

various  Ru 

1.6-100% 

0-5.80 

(250) 

quartztubular 

250-550 

t 

31 

Ir.  Co  and 
Ni/CeOi 

15-100% 

0.5-6.58 

(251) 

quart/tubular 

400-700 

I 

36  A 

Ni/Al20, 

71-100% 

4.47-6.6 

(252) 

quartz.' tubular 

400-700 

1 

36 

Ni/ALO-, 

63-100% 

3.97-6.6 

(253) 

SS/tubular 

400 

1-4 

46 

Co-AIA 

41-94% 

3.70-5.66 

(35) 

SS/tubular 

220-260 

28.6-55.3 

1-10 

Pt  AIA 

77-99% 

3.77-5.64 

(255) 

SS/tubular 

250 

19.7 

10 

Pt/AIA 

8-57% 

0.47-3.39 

(256) 

SS/tubular 

220-260 

25.7-50.3 

1-5 

Ni-StVAIA 

81-100% 

4.20-5.32 

(257) 

SS, batch 

225 

22.7 

1 

various  Pt 

13-26% 

0.84-1.6 

(258) 

quartz.  tubular 

250-450 

1 

10 

various  Pt 

22-100% 

1 -32-6.7 

(233) 

SS.'tubular 

580-880 

1 

40-77 

Pt/AIA 

40-100% 

1.12-5.50 

(203) 

SS/tubular 

225-450 

1 

20-50 

PtC 

17-100% 

0.04-3.99 

(259) 

SS.batch 

225-265 

25.6-50.3 

1 

Pt/AIA,  various 
Ni 

83-100% 

5.4-6. 1 

A  l  sed  crude  glycerin  only 
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Tabic  2-6.  Range  of  conditions  used  and  maximum  results  for  glycerin  reformation  via  sub-critical  water,  (cunt.) 


Reference 

Reactor 

Temperature 

(°C» 

Pressure 

(atm) 

wt.% 
eh  cerin 

Catahst 

Glycerin 
Gasification  % 

Hi  Yield 

(260) 

SS  tubular 

450-550 

1 

30-60 

Co/AI2Oj 

30-65% 

0.7-2 .8 

Nt/ZiOj/a-AljOj* 

(241) 

quartz/tubular 

450-600 

1 

46 

Ni/CeO>  a-Al;0, 

40-100% 

1.44.1 

(261) 

SS  tubular 

225 

28.0 

10 

Pt/C  and  Pt-Re  C 

3.6-52% 

0.2-15 

UFflPOt  and 

(122) 

quart/  tubular 

500-800 

1 

87.2  A 

Nil  .iFcPQi 

4-84% 

N  A. 

l  aC'oO  ,  and 

(262) 

quart/  tubular 

500-800 

1 

QC 

> 

LaNiO, 

5-55% 

N  A. 

(263) 

SS  tubular 

230 

31.6 

10 

various 

2-22% 

0.19-1.58 

(264) 

SS  tubular 

225 

25.7-44.4 

10-30 

Pt/AljOj 

0-10.5% 

0-0.42 

11.25- 

(265) 

SS  tubular 

1 80-220 

24.67 

5-10 

Pt'AljOi 

10-80% 

0.35-4.9 

(266) 

Inco  nd/tubular 

800 

1 

50-92 

rente 

71.4-90% 

2. 3-3.7 

A  Used  crude  glycerin  only 
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to  significant  coke  formation  and,  in  the  case  of  L-proline,  suppresses  the  gasification. 
Alkali  salts  enhances  the  gasification  and  promotes  hydrogen  production  through  the 
water-gas  shift  reaction. 

Xu  et  al.  used  a  2.0  M  glycerin  solution,  gasified  with  and  without  activated 
carbon  catalysts  at  a  temperature  of  600°C,  a  44  second  residence  time  and  a  pressure  of 
34.5  MPa  (268).  The  activated  carbon  catalyst  was  found  to  have  no  effect  at  these 
conditions,  with  complete  gasification  with  and  without  catalyst  and  a  product  gas  that 
contained  mostly  hydrogen  and  carbon  dioxide.  The  maximum  gas  yield  for  hydrogen 
was  3.51. 

Glycerol  reforming  in  supercritical  water  over  Ru/AfiCfi  catalyst  was  studied  by 
Byrd  et  al.,  with  a  temperature  range  of  700  to  800°C,  2.5  to  40  wt%  glycerin,  24.1  MPa 
and  short  residence  times  of  1  to  5  seconds  in  a  Inconel  600  tubular  reactor  (269). 
Glycerin  was  completely  gasified  at  all  conditions  studied,  producing  a  product  gas  of 
mostly  hydrogen,  carbon  dioxide  and  methane.  Shorter  residence  times  lead  to  less 
methane  production,  and  at  dilute  concentrations  a  hydrogen  yield  of  6.5  was  achieved  at 
800°C.  Operating  at  700°C  for  feed  concentrations  over  5  wt%  glycerin  lead  to  reactor 
plugging,  but  this  was  not  the  case  at  800°C.  CHEMCAD  5.2.0  was  used  to  determine 
the  thermodynamic  equilibrium  by  minimization  of  the  Gibbs  free  energy  using  the  Peng- 
Robinson  equation  of  state.  It  was  determined  that  the  yields  of  H2,  CO,  CO2  and  CH4 
are  very  close  to  equilibrium.  The  reaction  was  modeled  as  a  reversible  adsorption  of 
glycerin  onto  the  catalyst,  then  the  reaction  of  water  with  the  adsorbed  glycerin  to  form 
an  adsorbed  complex  molecule.  The  adsorbed  complex  molecule  decomposed  into 
intennediates  that  further  decomposed  into  carbon  dioxide  and  hydrogen.  They  made  a 
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steady  state  assumption  for  the  adsorbed  intermediates  and  assumed  that  the 
decomposition  of  the  absorbed  molecule  was  rate  limiting  and  that  water  was  in  excess. 
The  rate  constant  was  found  using  a  regression  on  the  rate  of  hydrogen  production,  and 
activation  energy  of  55.9  kJ/mol  was  found  for  the  reaction. 

Matsumura  et  al.  found  that  temperatures  below  600°C  produced  very  low  carbon 
conversions,  and  complete  carbon  conversion  was  only  achieved  around  700°C  and 
glycerin  concentrations  of  3  wt%  or  less  in  a  noncatalytic  quartz  capillary  reactor  (270). 
Hydrogen  and  carbon  dioxide  increase  with  temperature,  while  carbon  monoxide 
decreases  and  methane  remains  unchanged.  It  was  found  that  pressure  had  little  influence 
on  either  the  gas  composition  or  carbon  conversion  over  a  wide  range  of  pressures,  5  to 
45  MPa.  Concentrations  higher  than  10  wt%  lead  to  a  decrease  in  hydrogen  yield  and 
carbon  conversion. 

The  fact  that  pressure  has  no  effect  on  the  conversion  and  product  yield  was  also 
observed  by  Kersten  et  al.,  who  performed  noncatalytic  and  Inconel  625  catalyzed  batch 
experiments  using  supercritical  water  in  quartz  reactors  (271).  Furthermore,  it  was 
determined  that  carbon  conversion  increases  with  temperature  below  650°C,  but 
increasing  the  temperature  further  to  800°C  had  little  effect  on  conversion.  Conversion  is 
a  strong  function  of  concentration,  with  complete  conversion  only  possible  at  1  wt% 
dilutions.  Hydrogen  increases  and  carbon  monoxide  decreases  with  temperature  due  to 
the  water  gas  shift  reaction. 

The  decomposition  of  glycerol  at  temperatures  of  344-470°C,  25-45  MPa,  and 
residence  times  of  32-165  seconds  was  investigated  by  Buhler  et  al.  It  was  found  that 
gaseous  products  only  form  at  higher  temperatures,  above  430°C,  and  gas  production 
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decreases  with  decreasing  pressure.  The  gas  yields  increased  linearly  with  reaction  time, 
meaning  that  the  gas  yield  is  independent  of  reaction  time.  It  was  also  determined  that 
the  global  glycerin  decomposition  rate  has  a  reaction  order  in  the  range  of  0.95-1.25,  and 
so  could  be  modeled  as  a  first-order  reaction.  The  gasification  percentage  was  between 
zero  and  3%,  with  hydrogen,  carbon  monoxide  and  carbon  dioxide  being  the  main 
components  of  the  gas.  The  maximum  hydrogen  yield  of  0.12  was  obtained  at  the 
highest  temperature.  This  study  was  focused  more  on  the  liquid  produces  than 
gasification,  hence  the  almost  negligible  gasification  and  yields.  The  liquid  products 
were  methanol,  acetaldehyde,  propionaldehyde,  acrolein,  allyl  alcohol,  ethanol  and 
formaldehyde.  The  authors  concluded  that  at  high  pressures  and/or  lower  temperatures, 
the  degradation  pathway  consists  of  ionic  reactions,  while  at  lower  pressures  and/or 
higher  temperatures  a  free  radical  pathway  dominates.  The  ionic  part  of  the  reaction 
mechanism  is  totally  based  on  assumptions,  while  there  are  some  analogous  reactions  in 
the  literature  involving  the  free  radical  pathway.  For  the  modeling  of  the  decomposition 
of  glycerol  in  supercritical  water  on  the  basis  of  elementary  reactions,  a  combination  of 
free  radical  and  ionic  pathways  were  used.  The  model  was  run  in  CHEMKIN  II,  and  was 
optimized  by  comparing  the  experimentally  measured  concentrations  of  the  main 
products  with  calculated  values  and  then  adjusting  the  kinetic  parameters  At  the  highest 
temperatures  in  this  study,  the  reaction  can  be  considered  to  behave  Arrhenius-like  and 
yield  activation  energy  of  about  150  kJ/mol  with  a  pre-exponential  factor  of  about  10  s' 
(136). 

The  catalytic  gasification  of  glycerin  by  May  et  al.  was  studied  at  510-550°C,  35 
MPa,  5  wt%  glycerin,  residence  times  of  2  to  10  seconds  and  both  inert  ZrCF  particles 
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and  a  1%  Ru/Zr02  catalyst.  Liquid  products  included  acetaldehyde,  acetic  acid, 
hydroxyacetone  and  acrolein,  along  with  gaseous  products  H2,  CO,  C02,  CH4  and  traces 
of  C2H4.  They  concluded  that  the  liquid  intennediates  were  unstable  under  hydrothennal 
conditions  because  of  the  increased  gasification  and  decrease  in  the  liquid  products,  and 
that  glycerin  reacts  to  form  liquids  faster  than  those  intennediate  liquids  react  to  fonn 
gases.  A  pseudo  first-order  kinetic  model  was  used  to  describe  the  overall  reaction  rate 
for  glycerin  conversion,  with  rate  constants  of  0.034  and  0.385  s'1  at  510  and  550°C, 
respectively.  Carbon  deposition  was  seen  on  the  inert  Zr02  particles  put  not  on  the 
Ru/Zr02  catalyst.  A  maximum  hydrogen  yield  of  0.55  and  glycerin  gasification 
percentage  of  26%  was  found  at  a  residence  time  of  8  seconds  and  at  5 10°C  (272). 

Xu  et  al.  gasified  1  wt%  glycine  and  glycerol  in  supercritical  water,  using  a 
tubular  Hastelloy  C276  reactor  from  380  to  500°C,  1  to  5  minutes,  25  MPa  and  a  Na2CC>3 
catalyst.  They  found  that  the  Na2CC>3  catalyst  had  a  negative  effect  on  glycerin 
gasification  and  hydrogen  yield.  Glycerin  was  98%  gasified  at  500°C,  and  produced  5.08 
moles  of  hydrogen  per  mole  of  glycerin.  The  gaseous  products  were  H2,  C02,  CH4,  CO, 
and  C2+,  with  H2  and  C02  being  the  main  components.  Gas  yields  increased  rapidly 
above  440°C.  Gasification  percentage  increased  with  temperature,  from  60%  at  380C  to 
98%  at  500°C.  They  assumed  that  the  glycerin  decomposes  first  to  glycol  and 
formaldehyde,  which  then  reacts  further  to  produce  the  gases  seen  (273). 

Bennekom  et  al.  investigated  reforming  of  pure  glycerin,  crude  glycerin  and 
methanol,  using  a  tubular  Inconel  825  reactor  at  450  to  650°C,  25.5  to  27  MPa,  3-20  wt% 
glycerin,  and  residence  times  of  6-173  seconds.  The  crude  glycerin  used  in  this  study 
was  a  mixture  of  glycerin  (~88  wt%),  water  (6.5  wt%),  and  NaCl  (4.5  wt%),  with  other 
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cations  and  fatty  acid  methyl  esters  and  monoglycerids  making  up  less  than  0.1  wt%.  It 
was  found  that  pure  and  crude  glycerin  had  comparable  glycerin  gasification  percentages. 
Gasification  was  near  zero  for  a  10  wt%  glycerin  solution  at  460°C,  but  increased  to  91% 
at  613°C.  For  pure  glycerin,  the  gasification  percentage  decreases  slightly  from  90%  to 
85%  with  increasing  wt%  glycerin  from  5  to  20  wt%  at  a  temperature  of  619°C. 
Gasification  of  both  crude  and  pure  glycerin  increases  with  residence  time  from  5  to  20 
seconds,  and  levels  off  at  higher  residence  times.  They  detennined  that  water  was  a 
reactant  when  using  crude  glycerin,  but  a  product  due  to  glycerin  dehydration  when  using 
pure  glycerin.  One  mole  of  water  is  produced  via  dehydration  per  mole  of  glycerin  fed. 
Hydrogen,  carbon  monoxide,  carbon  dioxide,  methane  and  ethane  were  the  main 
products,  with  trace  amounts  of  ethene,  propene  and  propane.  The  yield  of  hydrogen, 
carbon  dioxide,  methane  and  ethane  increases  with  gasification  percentage  for  both  crude 
and  pure  glycerin.  Carbon  monoxide  increases  for  pure  glycerin,  but  for  crude  glycerin 
reaches  a  maximum  yield  of  about  0.8  at  a  gasification  percentage  of  70%,  and  decreases 
thereafter.  Hydrogen  and  carbon  dioxide  were  the  main  products,  and  more  hydrogen 
and  carbon  dioxide  were  produced  from  crude  glycerin  then  pure.  The  presence  of  salt  in 
the  crude  glycerin  is  believed  to  be  the  reason  for  the  enhanced  water-gas  shift. 
Assuming  pseudo  first-order  kinetics,  the  activation  energies  for  glycerin  conversion 
were  196  kJ/mol  for  pure  glycerin  and  183  kJ/mol  for  crude  glycerin.  They  reported 
reactor  plugging  due  to  salt  precipitation  after  several  hours  of  operation  when  using 
crude  glycerin  (75). 

Stever,  in  this  2011  master’s  thesis,  investigated  the  effect  of  reactor  liners  on  the 
refonnation  of  glycerin  in  supercritical  water.  He  used  a  400  ml  Haynes  alloy  230 
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reactor  at  temperatures  from  500  to  700°C,  17.6  to  63  wt%  glycerin  at  24.1  MPa  with  and 
without  a  Nickel  201  liner  inserted  into  the  reactor.  The  reactor  liner  was  to  detennine 
the  catalytic  effects  of  metal  walled  reactors  in  supercritical  reformation.  Complete 
gasification  was  achieved  at  temperatures  of  600°C  and  above  and  at  glycerin  weight 
percent  of  27.5%  and  less.  Hydrogen,  carbon  dioxide  and  methane  yields  increased  with 
temperature,  while  carbon  monoxide  decreased.  The  Nickel  201  reactor  liner  did  have  an 
effect  on  the  reformation,  and  increased  glycerin  gasification  and  hydrogen  yield. 
Hydrogen  yield  was  greatest  at  the  most  dilute  glycerin  loading  and  at  the  highest 
temperature  with  the  Nickel  201  liner  (274).  Table  2-7  summarizes  the  conditions  used 
for  the  above  journal  articles,  as  well  as  the  range  of  glycerin  gasification  and  hydrogen 
yield 

2.5.3.  Catalytic  Effects  of  Metallic  Reactors.  The  experiments  conducted  in  this 
paper  were  done  so  non-catalytically;  that  is,  no  conventional  heterogeneous  catalyst  was 
placed  inside  the  reactor.  However,  it  has  been  demonstrated  that  metallic  reactor  walls 
can  potentially  function  as  a  catalyst  in  the  gasification  of  hydrocarbons  in  sub  and 
supercritical  water  (24,  271,  275-280).  Kruse  has  postulated  that  there  are  three  different 
reactor  types  that  can  be  used  to  avoid  or  minimize  catalysis  by  the  reactor  wall:  Quartz 
reactors,  seasoned  or  aged  metallic  reactors,  and  metallic  reactors  with  ceramic  liners.  A 
seasoned  metallic  reactor  is  one  that  has  been  in  use  for  a  week  or  two,  and  is  based  on 
the  observation  that  new  metallic  reactors  have  an  effect  that  vanishes  over  time  (14). 
Also,  reactors  that  have  seen  use  have  a  film  of  carbon  deposited  on  the  surface  which 
may  inhibit  catalytic  effects  (69).  As  Kruse  et  al.  explained  “This  does  not  necessarily 
mean  that  seasoned  reactors  have  no  catalytic  effect;  they  rather  show  a  lower  and 


lable  2-7.  Range  of  condition*,  used  and  maximum  results  for  glycerin  reformation  via  supercritical  water. 


Reference 

Reactor 
material  tv  pc 

1  emperature 
t#(  I 

Pressure 

(MPa) 

wl% 

"Iveerin 

Residence  Heating 
time 

f  atalyst 

Glycerin 

gasification 

% 

Hyd  rngen 
vield 

(267) 

Incond 

600/tubular 

550-650 

25 

10 

4-1 1  seconds 

none 

22-92% 

0.74-2.5 

(26S) 

Incond 

625/tuhular 

600 

34.5 

15.6 

44  seconds 

activated 

carbon 

99-101% 

3.15-3.51 

(26V) 

Incond 

600  tubular 

700-800 

24.1 

2.5-40 

1  -5  seconds 

Ru/AliOi 

100% 

2. 0-6.5 

(27(1) 

quart/,  batch 

500-800 

5-45 

1-20 

60  seconds 

none 

54-100% 

0.2-2 

{271) 

quart/,  batch 

400-700 

5-45 

1-20 

60  seconds 

Inconel 

625 

22-100% 

0.3-12 

a<m 

SS/lubular 

344-470 

25-45 

1 .7-5.0 

32-165  seconds 

none 

0-3% 

0-0.12 

(272) 

SS/lubular 

510-550 

- 

2-10  seconds 

Ru/rO: 

0-26% 

0-0.57 

(273) 

Hastelloy- 
C276  tubular 

380-500 

25 

1 

60-300  seconds 

\a<T)-, 

60-98% 

1.4-5.08 

(75) 

Incond 

825/tuhular 

450-650 

25.5-27 

3-20 

6- 1 73  seconds 

none 

2-91% 

0-2.9 

(274) 

Haynes 

230/tdhular 

500-700 

24.1 

17.6-63 

1 00  seconds 

none 

15-100% 

0. 1-4.4 

o\ 


63 


constant  catalytic  effect,  leading  to  more  reproducible  results”.  She  added  that  it  is  not 
clear  whether  supercritical  water  gasification  without  an  added  heterogeneous  catalyst  is 
catalyzed  on  the  surfaces  or  not  (14).  In  another  paper,  Kruse  et  al.  (2000)  was  studying 
the  gasification  of  pyrocatechol,  a  model  for  lignin,  with  potassium  hydroxide  in 
supercritical  water.  They  mention  that  deposition  of  the  potassium  salt  on  the  tubular 
reactor  surface  are  believed  to  improve  the  gasification  (195). 

During  hydrogen  production  by  glucose  refonning  in  supercritical  water,  Yu  et  al. 
found  that  gas  yields  are  strongly  influenced  by  the  reactor  wall,  with  a  new  Hastelloy-C 
276  reactor  behaving  differently  and  less  effectively  than  a  “corroded”  Hastelloy-C 
reactor.  It  was  also  found  that  Inconel-625  strongly  catalyzes  the  water  gas  shift  reaction 
at  the  conditions  tested,  and  that  Inconel  and  Hastelloy  behave  similarly  when  refonning 
glucose  (275).  Arita  et  al.  placed  stainless  steel  (SS  316)  and  copper  wires  in  a  quartz 
reactor  during  the  supercritical  reformation  of  ethanol  (1.0  M  ethanol,  450°C,  30  min 
reaction  time)  and  found  that  copper  accelerated  the  reaction  considerably,  producing 
almost  twice  the  amount  of  hydrogen  gas  than  without  catalyst,  but  that  stainless  steel 
showed  little  catalytic  effect  (276).  Lachance  postulated  that  the  increased  glucose 
degradation  in  his  work,  compared  to  other  studies  investigating  the  supercritical  water 
gasification  of  glucose,  could  be  the  result  of  reactor  wall  material  effects  (277).  Gadhe 
and  Gupta,  while  investigating  methane  suppression  during  supercritical  water  methanol 
refonning,  reported  that  the  nickel  present  in  the  Inconel  600  tubular  reactor  used  for  the 
experiments  catalytically  increased  the  methanation  reaction.  They  suggest  the  use  of  a 
Ni-Cu  reactor  to  minimize  the  reactors  methanation  catalysis  (281). 
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When  studying  the  catalytic  oxidation  of  p-chlorophenol  in  supercritical  water, 
Yang  and  Eckert  first  ran  noncatalytic  experiments  to  detennine  a  baseline.  They  found 
that  the  Inconel  600  reactor  was  being  corroded,  and  that  trace  metals  from  this  corrosion 
may  have  acted  as  catalysts  (278).  Bustamante  et  al.  specifically  studied  the  wall  effects 
on  the  forward  water-gas  shift  reaction.  They  conducted  experiments  in  a  quartz  reactor, 
and  then  an  Inconel  600  reactor,  which  exhibited  substantially  enhanced  rates  of  reaction. 
The  activation  energy  for  the  forward  water-gas  shift  reaction  in  the  quartz  reactor  was 
288.3  kJ/mol,  while  for  the  Inconel  600  reactor  it  was  102.4  kJ/mol.  The  effect  of  a 
palladium  or  palladium-copper  packing  was  also  investigated,  as  this  would  be  a  typical 
choice  for  a  hydrogen  separating  membrane.  It  was  found  that  these  metals  did  enhance 
the  reaction,  but  not  to  the  extent  of  the  Inconel  (279).  In  his  2011  master’s  thesis,  Stever 
investigated  the  effect  of  reactor  liners  in  the  supercritical  water  reformation  of  glycerin. 
He  found  that  the  Nickel  201  liner  increased  the  water  gas  shift  reaction,  and  in  certain 
conditions  enhanced  refonnation,  compared  to  the  Haynes  alloy  230  reactor  (274). 
Boukis  et  al.  used  an  Inconel  625  reactor  for  methanol  refonning  in  supercritical  water, 
and  found  that  oxidation  of  the  reactor  with  H2O2  prior  to  the  experiment  increased  the 
reaction  rate  and  decreased  carbon  monoxide  and  methane  production  (24).  Of  direct 
importance  to  this  work,  it  has  been  shown,  again  using  quartz  reactors  as  a  baseline,  that 
Inconel  625  catalyzes  the  supercritical  water  gasification  of  glycerol.  Kersten  et  al. 
demonstrated  that  Inconel  625  increased  both  the  conversion  and  the  yield  when 
conducting  experiments  at  600°C,  30  MPa,  residence  time  of  60  seconds  and  a  5  wt% 
glycerol/water  solution.  The  addition  of  6  gram  of  Inconel  per  gram  of  solution, 
compared  to  no  Inconel  present,  increased  the  conversion  from  60%  to  close  to  90%, 
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while  increasing  the  hydrogen  yield  from  0.25  to  1.2,  while  increasing  the  yields  of  the 
other  gases  less  dramatically  (271).  These  wall  catalytic  effects  occur  for  various 
reactions  and  reactants  in  supercritical  water,  indicating  it  is  a  generalized  phenomenon 
and  not  limited  to  specific  reactants,  reactions  or  conditions. 
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3.  APPARATUS 


3.1.  INTRODUCTION 

For  water  to  be  supercritical,  it  must  be  at  a  temperature  above  374°C  and  at  a 
pressure  above  22.06  MPa,  which  requires  a  reactor  able  to  withstand  these  conditions 
without  mechanical  stress  failure  or  corrosion  (64,  65).  Due  to  the  fact  that  air  is 
sometimes  used  to  clean  the  reactor  via  supercritical  water  oxidation,  it  must  also 
withstand  an  oxidation  environment.  Therefore,  specialty  metals  must  be  used  for  the 
supercritical  water  reactor.  Equipment  is  needed  to  pressurize  and  heat  the  reactants, 
then  to  cool,  depressurize  and  separate  the  products.  Temperature,  pressure,  and  flow 
rate  must  be  monitored  and  controlled  during  the  experiment,  and  various  safety 
precautions  must  be  implemented  due  to  the  extreme  conditions.  To  determine  what  the 
system  is  producing,  analytical  and  measurement  equipment  is  needed.  This  is  what  will 
be  described  in  the  following  section. 

3.2.  MULTI-FUEL  REFORMATION  SYSTEM 

The  Multi-fuel  Reformation  (MFR)  system  consists  of  a  liquid  feed  system, 
integrated  heat  exchanger,  preheat,  supercritical  water  reactor,  reactor  heaters,  air  feed 
system,  sample  collection  system,  and  a  data  acquisition  and  control  system,  of  which  a 
schematic  process  flow  diagram  is  illustrated  in  Figure  3-1.  Unless  noted  otherwise,  all 
of  the  tubing  used  in  the  supercritical  water  system  is  %”  OD  Swagelok  316  stainless 
steel  tubing  with  a  tubing  wall  thickness  of  0.065”,  which  has  an  ASTM  allowable 
working  pressure  of  9600  psig  as  calculated  from  equations  in  ASME  B31.3,  code  for 
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process  piping  typically  found  in  petroleum  refineries  and  other  chemical  processing 
plants.  All  of  the  thennocouples  used  to  measure  the  temperature  were  Omega  Type-K 
Chromega-Alomega®  with  either  a  304  stainless  steel  or  Inconel  sheath.  Most  of  the 
supercritical  water  reaction  system  is  housed  in  a  60”  tall,  66”  long,  and  36”  wide  welded 
%”-thick  steel  enclosure  mounted  on  casters  with  two  access  doors  on  the  back. 
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Figure  3-1.  A  schematic  of  the  supercritical  water  multi-fuel  refonner  system. 


3.2.1.  Reactant  Delivery  and  Preheat.  The  system  begins  with  a  5  gallon 
HDPE  plastic  solution  tank,  which  is  on  an  Arlyn  620X  industrial  bench  scale  on  the 
table  behind  the  pump.  The  tank  is  on  the  table  to  facilitate  easier,  gravity  assisted 
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priming  of  the  pump,  while  the  scale  is  used  to  measure  the  mass  flow  rate  of  the  solution 
into  the  system.  The  system  is  capable  of  pumping  two  different  fluids  into  the  system 
with  two  different  pumps,  which  is  used  when  water  and  an  immiscible  hydrocarbon  need 
to  be  fed  together;  with  the  hydrocarbon  mixing  with  the  water  inside  the  system  at  a 
junction  after  the  water  goes  through  the  integrated  heat  exchanger  pictured  in  Figure  3-1. 
Because  water  and  glycerin  are  miscible,  and  because  pumping  a  water/glycerin  mixture 
is  easier  than  pumping  glycerin  separately,  the  second  pump,  labeled  the  fuel  pump  in 
Figure  3-1,  is  not  used. 

The  solution  enters  the  pump,  an  Eldex  high  pressure  micro-metering  pump 
model  BBB,  which  is  used  to  feed  the  liquid  and  bring  it  to  pressure.  The  Eldex  pump  is 
a  reciprocating  three-piston  pump  that  can  deliver  between  1.0  and  100  milliliters  per 
minute  of  liquid,  including  corrosive  liquids  due  to  the  corrosive-resistant  wetted  parts 
such  as  sapphire,  ruby  and  stainless  steel.  After  the  pump,  there  is  a  Swagelok  pressure 
relief  valve  set  to  4600  psi,  to  make  sure  that  the  Eldex  pump  does  not  exceed  its  upper 
operation  pressure  of  5000  psi.  The  outlet  of  the  pump  then  enters  the  steel  enclosure, 
and  will  remain  inside  the  enclosure  until  noted.  The  solution  pump  goes  to  two  valves, 
one  used  for  priming  and  the  other  for  solution  feed  to  the  reactor.  If  the  pump  needs  to 
be  primed,  the  prime  valve  is  opened  while  the  reactor  feed  valve  is  closed,  until  all  air 
has  been  removed  from  the  line.  This  is  performed  at  the  beginning  of  the  day  before 
experiments  are  perfonned.  After  priming,  the  priming  valve  is  closed  and  the  reactor 
feed  valve  is  opened.  The  solution  goes  through  a  check  valve  to  prevent  backflow  out  of 
the  system,  and  then  enters  the  integrated  heat  exchanger. 
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The  integrated  heat  exchanger  is  a  double-pipe  heat  exchanger  that  consists  of  a 
48”  long  14”  OD  Hastelloy  C-276  inner  tube  that  will  contain  the  product  coming  out  of 
the  supercritical  reactor,  and  a  14”  OD  stainless  steel  outer  tube  containing  the  incoming 
reactants.  The  flow  is  counter-current  to  maximize  heat  recovery.  After  exiting  the  heat 
exchanger,  the  feed  solution  enters  the  preheating  section.  The  preheat  is  a  section  of  14” 
stainless  steel  line  42”  long  that  is  wrapped  in  Omega  STH  series  ultra-high  temperature 
heat  tapes,  which  heat  the  incoming  solution  before  it  enters  the  reactor.  The  heat  tapes 
are  controlled  by  the  Lab  VIEW  computer  software  using  proportional  control  based  on  a 
thennocouple  that  is  downstream  of  the  preheater  and  another  thermocouple  that  ensures 
the  temperature  of  the  heat  tape  itself  does  not  exceed  550°C,  the  highest  operating 
temperature  of  this  type  of  heat  tape.  This  Lab  VIEW  software  records  all  of  the 
temperatures,  pressures,  heater  outputs  and  the  on/off  position  of  all  switches  in  a  data 
file  two  times  every  second.  The  preheating  section  and  all  sections  leading  up  to  the 
reactor  have  coned  and  threaded  connections  instead  of  the  compression  connections 
used  in  all  other  applications.  The  coned  and  threaded  connections  are  not  damaged  by 
the  high  temperatures,  so  are  used  on  the  inlet  and  outlet  of  the  reactor. 

After  the  preheat,  the  feed  solution  passes  through  a  cross  to  which  a 
thennocouple  and  an  Omega  silicon  on  sapphire  0-6000  psi  pressure  transducer  is 
connected,  so  that  the  inlet  temperature  and  pressure  can  be  measured.  The  inlet  pressure 
transducer  is  located  away  from  the  reactor,  because  it  cannot  see  the  high  temperatures 
of  the  inlet  reactants.  On  the  computer  display  this  pressure  transducer  is  called  “SWR 
Pressure  In”,  and  is  synonymous  with  the  reactor  pressure.  Also  connected  to  this  line  is 
a  pressure  gauge  mounted  to  the  exterior  of  the  steel  enclosure,  so  that  the  pressure  can 


70 


be  monitored  in  case  the  pressure  transducers  were  to  fail.  After  this  cross  is  a  high 
temperature  check  valve  so  there  is  no  backflow  from  the  reactor  into  the  preheater  or 
integrated  heat  exchanger.  Before  the  reactants  enter  the  reactor,  there  is  a  tee  connected 
to  two  valves  in  series.  These  are  the  inlet  emergency  depressurization  valves,  used  in 
case  the  outlet  emergency  depressurization  valves  are  unable  to  decrease  pressure  when 
needed.  These  valves  are  then  connected  to  the  expansion  drum,  a  large  steel  drum  that  is 
vented  to  the  atmosphere.  The  expansion  drum  is  used  for  all  depressurizations  within 
the  unit  except  when  normally  operating. 

3.2.2.  Air  Feed  System.  The  air  feed  system  begins  with  an  Airgas  tank  of 
breathing  grade  air  which  is  connected  externally  to  the  MFR.  The  gas  is  regulated  to  a 
pressure  of  1000  psi  and  passes  through  a  check  valve  before  entering  the  Haskel  two- 
stage  booster  pump,  which  uses  externally  supplied  compressed  air  to  increase  the 
pressure  to  5500  psi.  The  compressed  air  for  all  the  pneumatics  is  supplied  by  two  60- 
gallon  air  compressors.  The  air  enters  a  500  cm  pressure  bomb  which  acts  as  a  pulse 
dampener  and  storage  vessel  for  the  pressurized  air.  This  pressure  bomb  is  connected  to 
a  valve  which  can  vent  the  contents  of  the  bomb  to  the  expansion  drum  if  the  air  feed 
system  needs  to  be  depressurized,  and  also  to  a  gauge  mounted  on  the  front  of  the  unit. 
The  bomb  is  also  connected  to  a  preset  Swagelok  pressure  relief  valve,  so  that  if  the 
pressure  in  the  bomb  were  to  rise  above  6000  psi,  the  valve  would  vent  the  contents  into 
the  expansion  drum. 

The  air  passes  through  a  15  micron  filter  and  proceeds  to  the  control  section  of  the 
air  feed  system.  A  Brooks  mass  flow  controller,  connected  to  the  Lab  VIEW  computer 
software  which  employs  PID  control,  is  calibrated  for  air  flow  and  used  to  control  the 
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flow  of  air  into  the  reactor.  The  controller  works  best  when  the  pressure  drop  across  it  is 
less  than  100  psi,  so  there  is  a  forward  pressure  regulator  (FPR)  and  back  pressure 
regulator  (BPR)  set  50  psi  apart  so  that  the  pressure  drop  can  be  controlled.  The  pressure 
regulators  are  set  at  4500  psi,  because  the  mass  flow  controller  is  not  rated  for  pressures 
above  5000  psi,  and  many  components  in  the  multi-fuel  reformer  such  as  the  pressure 
gauges  and  transducers  are  not  rated  for  pressures  greater  than  5000  psi.  From  here  the 
air  feed  is  controlled  manually  by  an  air  shutoff  valve  and  passes  through  another  check 
valve.  The  air  can  be  preheated  using  Omega  high  temperature  heat  tapes,  and  enters  the 
reactor  across  from  the  liquid  feed  line  at  the  inlet  Inconel  cross. 

3.2.3.  Supercritical  Water  Reactor.  The  reactor  is  a  42”  long,  14”  ID,  1”  OD 
Haynes  alloy  282  tube  made  by  the  High  Pressure  Equipment  Company.  It  has  conned 
and  threaded  connections  on  each  end  so  that  it  can  connect  with  the  4  1/8”  x  4  1/8”  x  1 
14”  Inconel  625  cross,  also  manufactured  by  the  High  Pressure  Equipment  Company. 
The  crosses  are  made  to  accept  1”  conned  and  threaded  fittings  on  two  sides  directly 
apart  from  each  other  and  3/8”  conned  and  threaded  fittings  on  the  other  two  sides.  One 
of  the  1  ”  conned  and  threaded  fitting  is  connected  to  the  reactor  and  the  other  is  fitted  to 
an  adapter  that  allows  a  Parr  Instrument’s  thennowell  to  extend  into  the  middle  of  the 
reactor.  This  is  illustrated  in  Appendix  B,  which  also  contains  the  Watlow  heater 
diagrams.  The  crosses  have  reducers  so  that  the  14”  conned  and  threaded  feed  and  exit 
lines  can  be  connected  to  the  3/8”  fittings.  The  thermowell  is  a  52”  long  %”  Inconel  625 
tube  with  one  end  sealed.  It  is  inserted  into  the  top  of  the  cross,  goes  through  the  cross 
and  into  the  reactor.  It  is  used  so  that  thennocouples  can  be  inserted  into  it  and  report 
temperatures  for  the  inside  of  the  reactor.  Only  one  thennowell  is  used,  the  adapter  at  the 
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other  end  of  the  reactor  is  plugged.  The  reactor  has  a  volume,  minus  the  thermowell 
volume,  of  101  ml. 


Table  3-1.  The  nominal  or  limiting  chemical  composition  of  the  alloys  used  in  the  multi¬ 
fuel  reformer  by  weight  percent  (282-284). 


Elements,  wt% 

Haynes  282 

Hastelloy  C-276 

Inconel  625 

Ni 

57a 

57a 

581 

Cr 

20 

16 

20-23 

Co 

10 

* 

2.5 

* 

1.0 

Mo 

8.5 

16 

8.0-10.0 

W 

— 

4 

— 

Ti 

2.1 

— 

* 

0.4 

A1 

1.5 

— 

0.4* 

Fe 

* 

1.5 

5 

5* 

Mn 

* 

0.3 

1* 

* 

0.5 

Si 

* 

0.15 

0.08* 

* 

0.5 

C 

0.06 

0.01* 

* 

0.1 

S=0.015*, 

Others 

B=0.005 

V=0.35* 

P=0.015*, 

Nb+Ta=3.15-4.15 

a  =  as  balance,  *  =  maximum,  J  =  minimum 


The  reactor,  crosses  and  the  tubing  leading  into  and  out  of  the  reactor  are  made  of 
high  nickel  alloys  due  to  the  high  temperature  and  oxidative  environment  in  the 
supercritical  water  reactor.  The  metals  used  are  Hastelloy  C-276,  Inconel  625  and 
Haynes  alloy  282.  These  are  all  high  nickel  alloys  that  can  withstand  the  extreme 
environment.  Stainless  steel  is  well  suited  to  lower  temperatures  or  non-oxidative 
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conditions,  but  is  not  suitable  here.  The  composition  of  the  various  alloys  is  given  in 
Table  3-1.  The  stress-strain  properties,  as  well  as  creep  and  rupture  properties  of  Haynes 
alloy  282  allow  the  reactor  to  operate  in  an  oxidative  environment  at  800°C  and  5000  psi. 

The  heaters  and  insulation  for  the  reactor  were  manufactured  by  Watlow  Electric 
Manufacturing  and  comes  in  two  pieces,  the  reactor  heater  and  the  outlet  insulation.  The 
reactor  heater  has  four  electric  resistance  heating  zones,  three  of  which  are  7.75”  long  and 
the  last  is  7.69”  long.  All  have  ports  for  thermocouples  which  measure  the  skin 
temperature  of  the  reactor.  Each  of  the  four  zones  is  controlled  by  a  reactor 
thennocouple,  which  is  placed  in  the  thennowell  so  that  it  is  in  the  middle  of  the  zone 
inside  the  reactor.  The  reactor  thermocouples  relay  the  temperature  to  the  Lab  VIEW 
software,  which  using  proportional  control  gives  an  output  to  the  heaters,  so  that  the 
temperature  in  the  reactor  may  be  controlled.  The  outlet  cross  has  a  separate  piece  of 
insulation  manufactured  by  Watlow.  Figure  3-2  below  illustrates  the  reactor  assembly, 
heater  assembly,  zone  heater  position  and  reactor  thermocouple  (RTC)  position  within 
the  thennowell.  The  reactor,  when  mounted  in  the  unit,  is  vertical,  with  the  liquid  and  air 
feed  at  the  bottom  and  the  outlet  at  the  top.  Thermocouples  3  and  4  are  averaged  and  this 
is  the  temperature  that  is  reported  as  the  reactor  temperature. 

3.2.4.  Heat  Exchange  and  Depressurization.  Upon  exiting  the  outlet  cross,  the 
product  enters  'A”  Hastelloy  C-276  (HC-276)  tubing  which  leads  to  a  HC-276  cross.  This 
cross  has  a  thennocouple  which  measures  reactor  outlet  temperature  and  another  pressure 
transducer  to  measure  outlet  pressure.  Both  of  the  pressure  transducers  have  to  be  some 
distance  from  the  flow  path  because  they  cannot  experience  high  temperatures,  above 
80°C.  There  is  also  a  HC-276  rupture  disc  assembly  at  this  point,  which  will  rupture  if 
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the  pressure  is  over  6525  psig  at  22°C  or  6068  psig  at  343  °C.  If  this  were  to  rupture,  the 
product  liquid  and  gases  would  go  to  the  expansion  drum,  which  is  large  enough  to 
accommodate  this  rapid  depressurization,  and  is  vented  to  the  atmosphere.  The  rupture 
assembly  is  one  of  many  safety  features  which  will  be  discussed  later. 
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Figure  3-2.  A  diagram  of  the  reactor  and  heaters  on  the  MFR. 

The  product  then  enters  the  aforementioned  integrated  heat  exchanger,  where  it  is 
cooled  by  the  incoming  reactants,  and  then  enters  a  36”  long  stainless  steel  cooling  water 
heat  exchanger,  which  uses  tap  water  to  further  cool  the  products  to  ambient  conditions. 
This  cooling  water  heat  exchanger  is  not  always  used.  The  product  enters  a  cross  where 
there  is  a  thermocouple  to  measure  the  temperature  going  into  the  control  valve.  The 
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normal  process  flow  is  for  the  product  to  go  through  an  isolation  valve,  called  the  MFR 
outlet  valve,  through  a  90-micron  Swagelok  filter  and  two  15 -micron  Swagelok  filters  in 
parallel  before  entering  the  control  valve.  Otherwise,  the  outlet  emergency 
depressurization  valves  are  connected  here,  so  that  the  reactor  can  be  depressurized 
through  the  outlet.  This  is  the  preferred  way  to  manually  depressurize  the  reactor 
because  the  effluent  is  cooler,  which  is  better  for  long  term  valve  function.  The  outlet 
emergency  depressurization  valves  are  also  connected  to  the  expansion  drum 

The  filters  are  used  so  that  the  control  valve  does  not  become  damaged  by 
particulates.  The  control  valve  is  a  pneumatic  Badger  valve  used  to  control  the  pressure 
in  the  system.  It  is  computer  controlled,  with  the  computer  receiving  a  pressure  from  the 
inlet  pressure  transducer,  and  using  a  proportional  constant,  sending  a  signal  to  the  valve 
which  is  raised  and  lowed  using  pneumatic  pressure.  The  product  then  enters  the  liquid 

separation  assembly,  where  the  liquid  and  gas  products  are  separated.  It  consists  of  a 

-1 

1000  cm  pressure  bomb  and  14”  steel  tubing  to  provide  room  for  the  liquid.  The  liquid 
exits  from  the  bottom  of  the  assembly,  and  the  gas  from  the  top,  from  which  samples  can 
be  taken  for  analysis. 

3.2.5.  Process  Sampling.  The  liquid  is  collected  in  the  liquid  separation 
assembly  and  is  either  drained  to  an  in-process  5-gallon  HDPE  liquid  effluent  container, 
which  is  periodically  emptied  and  sent  to  campus  environmental  health  and  safety  for 
disposal,  or  liquid  samples  can  be  taken  for  later  analysis.  To  take  liquid  samples,  the 
liquid  reservoir  is  completely  drained  and  the  time  noted  in  the  lab  notebook.  After  a  few 
minutes,  dependent  on  the  solution  flow  rate,  the  three-way  valve  is  turned  and  the  liquid 
reservoir  is  drained  into  a  sampling  bottle.  The  time  is  noted  when  done  collecting  the 
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sample,  so  that  the  mass  flow  rate  of  liquid  out  of  the  system  can  be  measured.  These 
samples  are  labeled  and  saved  for  later  analysis. 

The  gaseous  component  remains  in  the  system  a  little  longer,  and  passes  a  three- 
way  valve  that  allows  the  gases  to  be  directed  along  the  flow  path  or  diverted  into  the 
expansion  drum.  The  flow  path  leaves  the  enclosure  and  the  gas  passes  a  gas  sampling 
port,  where  an  air-tight  Hamilton  syringe  is  used  for  real  time  analysis  on  the  GC.  The 
gas  samples  are  taken  continuously  throughout  the  experiment.  From  there,  the  gas 
enters  a  Precision  Scientific  wet  test  meter,  where  the  gaseous  flow  rate  is  measure  in 
liters  per  minute,  the  liter  of  gas  being  at  room  temperature  and  pressure.  The  gas  is  then 
vented  out  of  the  building  via  the  ventilation  system.  The  entire  supercritical  water 
refonnation  enclosure  is  ventilated  using  the  same  draw,  as  well  as  the  expansion  drum. 


3.3.  PROCESS  SAFETY 

Due  to  the  high  pressures  and  temperatures  used  in  supercritical  water 
refonnation,  as  well  as  the  combustible,  poisonous  and  noxious  gases  that  are  evolved 
during  reformation,  safety  is  of  the  utmost  concern.  Safety  begins  with  the  construction 
of  the  supercritical  water  systems,  being  of  welded  %”  steel  with  lockable  doors  on  the 
back.  This  rugged  construction  protects  the  operators  in  case  of  any  catastrophic  failure 
of  material  or  explosion.  This  enclosure  is  ventilated  to  ensure  no  effluent  gases 
accumulate  inside  the  enclosure  if  a  leak  were  present.  Also  inside  the  enclosure  is  a 
SMC  200X  series  combustible  gas  monitor,  which  will  detect  any  combustible  gases  and 
send  out  an  alarm.  This  monitor  is  connected  to  the  computer  and  the  LabVIEW 
software,  so  that  any  alarm  will  automatically  sound  an  alann  through  the  computer  and 
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shut  off  all  heaters,  pumps  and  the  air  flow.  The  system  would  then  be  left  to 
depressurize  automatically  or  manually  depressurized  by  the  operators  until  the  source  of 
the  alann  is  detennined.  Outside  of  the  system  there  are  First  Alert  carbon  monoxide 
detectors  to  alert  the  operators  to  the  presence  of  carbon  monoxide. 

The  outlet  of  the  Eldex  pump,  as  well  as  the  air  feed  system,  have  Swagelok 
pressure  relief  valves,  to  make  sure  that  the  pump  or  the  air  feed  system  does  not  go  over 
pressure  and  damage  itself.  Once  inside  the  enclosure,  the  flow  path  contains  multiple 
and  redundant  check  valves,  which  ensures  no  backward  flow.  On  the  outlet  of  the 
reactor,  there  is  a  rupture  disk  assembly,  rated  to  rupture  at  6525  psig  at  22°C  or  6068 
psig  at  343 °C  Anywhere  there  are  heaters  on  the  system,  there  are  thennocouples 
measuring  both  the  internal  and  external  temperatures,  to  ensure  that  the  heaters  are  not 
exceeding  their  high  temperature  ratings  or  the  ratings  of  the  vessels.  On  the  Watlow 
reactor  heaters,  there  are  thennocouples  that  measure  the  reactor  skin  temperature  and 
report  to  the  computer  to  ensure  that  the  maximum  reactor  temperature  is  not  exceeded, 
as  well  as  thermocouples  within  the  heaters  to  ensure  the  heater  element  itself  does  not 
exceed  its  maximum  temperature  of  1050°C.  If  this  were  to  happen,  an  alann  on  the 
computer  would  sound  and  the  computer  would  turn  off  the  heater  until  the  temperature 
decreases.  The  inlet  and  outlet  heaters,  heater  Zones  1  and  4,  both  have  thennocouples  to 
measure  this  temperature.  A  set  of  redundant  thermocouples  that  are  wired  to  a  solid  state 
relay  and  an  independent  control  system,  independent  from  the  computer,  ensure  that  in 
case  of  computer  failures  the  reactor  heaters  will  still  turn  off  when  needed. 

There  are  both  inlet  and  outlet  emergency  depressurization  valves  that  the 
operators  can  use  in  case  of  overpressure.  If  the  system  goes  75  psi  over  the  set  pressure 
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of  the  Badger  control  valve,  an  alarm  is  sounded  from  the  computer  and  all  pumps, 
heaters  and  air  flow  is  automatically  stopped  via  the  computer.  Also,  the  Badger 
pneumatic  pressure  control  valve  is  a  fail-open  device,  meaning  that  without  pneumatic 
pressure  the  valve  will  open  and  relieve  pressure. 

3.4.  ANALYTICAL  EQUIPMENT 

The  gas  analysis  is  done  using  a  HP  5890  gas  chromatograph,  with  a  Restek 
ShinCarbon  100/120  packed  column  2  meters  in  length,  1/16”  OD  connected  to  a  thennal 
conductivity  detector,  which  uses  99.99%  high  purity  argon  as  a  carrier  gas.  The  gas 
chromatograph  is  calibrated  to  detect  hydrogen,  nitrogen/oxygen,  carbon  monoxide, 
methane,  carbon  dioxide,  acetylene,  ethene,  ethane,  propene  and  propane.  The  gas 
chromatograph  is  connected  to  a  computer  which  records  and  analyzes  the  results  using  a 
program  called  HP  Chemstation.  This  software  allows  different  run  conditions  to  be 
saved  and  reused,  and  are  called  “methods”.  There  are  three  methods  used  with  the  GC: 
RestekOO,  RestekOl  and  Restek02,  which  are  adopted  depending  on  the  species  to  be 
detected.  The  GC  was  calibrated  using  tanks  of  pure  gases  supplied  by  Airgas.  Appendix 
C  lists  the  GC  conditions  and  detectable  species  for  each  method,  along  with  the  elution 
time  and  calibration  plot  for  each  species.  After  every  syringe  injection  a  report  is 
generated  by  HP  Chemstation  that  gives  the  elution  time  and  area  of  each  peak,  from 
which  the  species  and  number  of  moles  can  be  detennined.  An  example  of  the  report 
generated  by  HP  Chemstation  is  given  in  Appendix  D. 
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4.  EXPERIMENTAL  METHODOLOGY 

4.1.  INTRODUCTION 

The  goal  of  this  section  is  to  explain  how  the  equipment  was  used,  what 
chemicals  were  used,  what  chemical  reactions  can  occur,  what  experiments  were 
performed  and  why.  The  materials  used  and  their  preparation  is  covered  first.  The 
apparatus  was  described  in  the  previous  section,  so  the  operation  section  will  draw  on  the 
tenninology  and  flow  path  already  described,  while  explaining  the  real  time  operation  of 
the  apparatus  and  analysis,  along  with  start-up  and  shut-down  procedures.  The  chemical 
reactions  that  occur  during  supercritical  water  reformation  of  glycerin  are  given,  along 
with  some  analysis  and  description  of  the  reactions.  Details  on  how  the  residence  time  of 
the  experiments  are  calculated  is  given,  which  is  important  when  determining  which 
experiments  to  be  performed.  The  exploratory  design  of  experiments  will  be  described, 
the  reason  why  the  experiments  were  conducted  and  what  they  were  designed  to 
investigate. 

4.2.  MATERIALS 

The  water  used  for  this  study  was  deionized,  and  the  glycerin  used  was  99.7% 
pure.  The  deionized  water  was  supplied  by  a  12”  Culligan  mixed  bed  deionizer.  The 
mixed  cation-anion  resin  bed  has  a  water  quality  of  2  megohm  or  higher  with  a  neutral 
pH.  The  glycerin  was  purchased  from  TheChemistryStore.com  and  Sigma-Aldrich.  The 
glycerin  was  first  diluted  with  water  to  75.0  wt%  glycerin  since  glycerin  above  a  purity  of 
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80  wt%  absorbs  water  from  the  atmosphere.  Before  the  experiments  were  begun,  the 
glycerin  was  further  diluted  to  the  weight  percent  used  for  those  specific  experiments. 


4.3.  OPERATING  PROCEDURE 

All  components  of  operating  the  supercritical  water  reaction  system  will  be 
detailed  in  this  section.  This  includes  the  start-up  of  the  system,  the  normal  operation  of 
the  system  throughout  the  day,  gas  analysis,  air  cleaning,  system  shut-down  and  routine 
maintenance.  The  supercritical  water  reaction  system  used  is  a  rather  large  system,  and 
requires  significant  time  for  start-up. 

4.3.1.  System  Start-up.  Experiments  on  the  supercritical  water  reaction  system 
are  usually  begun  early  in  the  morning,  so  that  the  operators  can  have  the  entire  day  to 
perfonn  experiments  while  the  reactor  is  up  to  temperature.  The  day  is  begun  by  opening 
National  Instruments  Lab  VIEW  software  and  choosing  the  most  up-to-date  control  file  to 
use  during  operation.  A  data  file  is  set  up  using  the  date  of  the  experiment,  a  short 
description  of  the  experiment.  The  data  file  is  where  all  of  the  information  that  the 
Lab  VIEW  control  file  collects  during  an  experiment  is  stored.  The  temperature  of  each 
of  the  four  heater  zones  is  set.  A  switch  on  the  control  box  must  be  switched  on  for  each 
heater  to  be  energized,  as  well  as  a  button  on  the  computer  display.  The  air  feed  valve  for 
the  pneumatic  Badger  control  valve  is  turned  on,  as  is  the  ventilation  system  and  the 
municipal  tap  water  for  cooling  heat  exchanger,  if  it  is  being  used.  As  the  reactor  is 
heating  up  to  operating  temperature,  the  solution  pump  is  primed  with  water  to  remove 
any  air  from  the  feed  lines.  Once  the  reactor  is  up  to  temperature,  the  preheat  is  turned  on 
as  well  as  the  Eldex  pump.  The  micrometers  on  the  pump  are  set  to  give  the  desired 
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solution  flow  rate,  and  the  reactor  is  pressurized.  Water  is  pumped  into  the  reactor  until  it 
is  at  operating  temperature  and  pressure,  and  then  the  water  tank  is  switched  with  the 
glycerin  solution  to  be  used  for  that  experiment.  Before  an  experiment  is  begun,  the 
solution  flow  rate  is  confirmed  by  obtaining  solution  balance  readings  at  five  minute 
intervals,  so  that  the  flow  rate  is  known  and  correct.  If  the  flow  rate  is  incorrect  the 
micrometers  are  changed  to  obtain  the  correct  flow  rate.  Once  a  steady  temperature 
profile  and  pressure  is  established,  the  experiment  can  begin. 

4.3.2.  During  an  Experiment.  The  temperature  and  pressure  are  computer 
controlled,  so  after  the  operator  sets  the  experimental  conditions  nothing  more  than 
occasional  monitoring  of  the  computer  display  is  necessary.  Throughout  the  experiment 
the  solution  flow  rate  is  monitored  to  ensure  the  correct  flow  rate  is  maintained  by 
recording  the  solution  balance  reading  every  fifteen  minutes.  The  product  gas  flow  rate 
is  determined  by  taking  wet  test  meter  measurements  continually  throughout  the 
experiment,  so  that  the  flow  rate  in  ambient  liters  per  minute  is  known.  The  content  of 
the  product  gas  is  known  in  real  time  by  taking  syringe  samples  form  the  product  stream 
and  analyzing  them  on  the  HP  5890  gas  chromatograph.  The  gas  chromatograph  can 
analyze  a  syringe  sample  in  twenty  minutes  using  method  RestekOl,  or  thirty  minutes 
using  Restek02.  RestekOO  is  only  used  if  prior  syringe  samples,  analyzed  with  ReskekOl, 
have  shown  there  is  no  ethane  or  ethene  in  the  product  gas.  The  liquid  reservoir  must  be 
continually  monitored  and  drained  of  liquid,  so  that  the  gas  sampling  system  is  not 
flooded  with  liquid  effluent.  The  liquid  is  drained  into  a  removable  in-process  5  gallon 
HDPE  liquid  effluent  container.  At  least  two  liquid  samples  are  taken  during  an 
experiment.  An  experiment  is  concluded  when  the  GC  results  of  three  consecutive  gas 
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syringe  samples  show  no  greater  than  one  percentage  point  deviation  between  the  three. 
After  an  experiment,  the  carbon  conversion  is  calculated  using  the  gas  chromatograph 
results  and  product  gas  flow  rates.  If  the  conversion  is  less  than  95%,  the  glycerin 
solution  feed  is  stopped  and  water  is  fed  into  the  reactor  instead.  Air  is  fed  into  the 
reactor  via  the  high  pressure  air  feed  system,  and  the  reactor  is  cleaned  with  supercritical 
water  oxidation  using  air  as  the  oxidant.  Air  cleaning  is  stopped  when  gas  analysis  shows 
no  gaseous  carbon  in  the  product  gas.  With  air  cleaning  done,  the  next  experiment  can 
begin.  Once  an  experiment  is  concluded,  or  air  cleaning  if  that  is  necessary,  the 
conditions  are  changed  to  conduct  the  next  experiment.  During  a  typical  day,  four 
experiments  are  conducted. 

4.3.3.  Shut-down.  After  all  of  the  experiments  for  that  day  are  conducted,  the 
reactor  is  cleaned  with  water  and  air  as  described  above.  The  air  flow  and  heaters  are 
turned  off  and  water  only  is  pumped  into  the  reactor  for  a  few  minutes  to  remove  any  air 
left  in  the  system.  When  the  water  pump  is  shut  off  the  reactor  is  depressurized  by 
slowly  opening  the  outlet  emergency  de-pressurization  valves.  After  this  the  cooling 
water  and  the  pneumatics  are  shut  off,  but  the  ventilation  system  is  kept  on  so  that  any 
volatile  components  that  may  have  come  from  the  system  during  the  depressurization  are 
removed  from  the  expansion  drum.  The  Lab  VIEW  computer  display  is  stopped  and 
about  ten  minutes  after  depressurization  the  ventilation  system  is  shut  down. 

4.3.4.  Maintenance.  Once  the  reactor  is  cooled  from  the  previous  experiments, 
the  system  is  pressure  tested  with  air  to  ensure  that  the  system  is  safe  and  ready  to 
perfonn  more  experiments.  The  entire  system  up  to  the  MFR  outlet  valve,  which  is 
immediately  preceding  the  Swagelok  filter  assembly,  is  pressure  tested.  This  is  most  of 
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the  system  that  experiences  high  pressures  and  all  of  the  system  that  experiences 
temperatures  above  ambient.  The  reactor  is  pressurized  to  4500  psi  and  if  the  pressure 
drop  is  less  than  30  psi  per  hour  the  system  passes  the  check.  If  the  pressure  drop  is  more 
than  that,  different  parts  of  the  system  are  isolated  and  pressurized  in  order  to  detennine 
the  section  that  cannot  hold  pressure  and  begin  the  search  for  the  leaking  part.  Other 
pieces  that  require  regular  maintenance  are  the  Swagelok  filters.  If  the  previous 
experiments  produced  any  tars  or  particulates,  the  filters  can  clog  and  produce  pressure 
control  problems,  so  they  are  replaced  and  cleaned  before  that  can  occur.  The  Eldex 
pump  requires  monthly  oiling,  and  the  liquid  effluent  tank  is  drained  into  a  MS&T 
Environmental  Health  and  Safety  (EH&S)  55  gallon  drum.  Other  maintenance  occurs  as 
needed. 

4.4.  CHEMICAL  REACTIONS 

The  endothennic  reformation  of  glycerin  in  supercritical  water  involves  a 
complex  reaction  mechanism  involving  various  intermediates  and  pathways.  Many 
studies  use  the  idealized  decomposition  of  glycerin,  Equation  6,  combined  with  the  water 
gas  shift  Equation  5, 


-+3CO  +  4H, 

(6) 

C0  +  H20oC02+H2 

(5) 

to  simplify  the  reaction  (117,  235,  247,  285,  286).  The  forward  WGS  reaction  is 
equilibrium  limited  and  thermodynamically  favored  at  temperatures  below  1090  K  (172). 
When  both  of  these  reactions  are  combined,  the  overall  reaction  becomes 
C,H803  +  3 H20  ->  3C02  +  1H2 


(7) 
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This  is  the  maximum  amount  of  hydrogen  that  could  possibly  be  made  from  glycerin. 
While  these  reactions  are  important  for  detennining  the  efficiency  of  the  process,  they  do 
not  represent  all  the  products  made  during  reformation,  so  it  is  important  to  understand 
how  glycerin  decomposes  into  intennediate  products  before  undergoing  further  chemical 
reactions.  First  the  decomposition  of  glycerin  into  liquid  products  will  be  reviewed. 
Various  studies  have  shown  that  glycerin  can  decompose  into  acrolein  at  atmospheric 
pressures,  with  acetaldehyde  being  a  major,  secondary  component  (140,  141,  143,  144). 
May  et  al.  concluded  that  non-catalytic  glycerin  reformation  in  supercritical  water 
involves  both  ionic  and  free-radical  pathways.  At  lower  temperatures  ionic  products 
include  acetaldehyde,  fonnaldehyde  and  acrolein.  Higher  temperatures  lead  to  free- 
radical  reactions  that  produce  gases  (272).  It  has  been  reported  that  the  ionic  reactions 
ins  supercritical  water  begin  with  a  proton  produced  from  the  dissociation  of  water  (1, 
52,  287). 

Laino  et  al.  used  a  technique  called  metadynamic  simulation  to  explore  the 
pyrolytic  decomposition  of  glycerin.  The  mechanism  they  detennined  was  that  glycerin 
dehydrates  into  glycidol,  which  is  the  rate  limiting  step.  Glycidol  converts  to  3- 
hydroxypropanal,  which  can  decompose  further  to  acrolein  and  water  or  into 
formaldehyde  and  acetaldehyde.  The  decomposition  into  formaldehyde  and  acetaldehyde 
is  faster  than  the  decomposition  into  acrolein  and  water  under  pyrolytic  conditions,  and 
that  acrolein  fonnation  should  only  occur  at  higher  temperatures  (288).  Nimlos  et  al. 
used  quantum  mechanical  calculations  and  found  similar  mechanisms,  differing  in  the 
intennediate  species  but  producing  the  same  final  compounds,  acrolein,  formaldehyde 
and  acetaldehyde  (1 49). 
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Bennekom  et  al.  concluded  that  glycerin  reformation  in  supercritical  water  first 
begins  with  dehydration  to  produce  liquid  intennediates,  and  these  intennediates  further 
react  to  form  the  gaseous  components.  This  was  shown  by  performing  an  oxygen 
balance  on  the  outlet  products  compared  to  the  inlet  glycerin.  It  was  found  that  less 
oxygen  exits  the  reactor  in  the  gas  phase  than  entered  as  glycerin,  and  from  this  it  was 
concluded  that  the  remaining  oxygen  exited  the  system  as  water  due  to  the  initial 
dehydration  reaction.  The  reaction  pathway  Bennekom  et  al.  describes  is  glycerin 
dehydration  to  liquid  products,  followed  by  gasification.  The  primary  gas  species  would 
be  hydrogen,  carbon  monoxide,  methane  and  ethene.  These  gasses  would  react  to  fonn 
carbon  dioxide  via  water  gas  shift,  ethane  via  the  saturation  of  ethene,  and  further 
methane  via  the  methanation  reaction  (75). 

Buhler  et  al.  investigated  the  lower  temperature  ionic  products  and  pathways  of 
glycerol  reformation  in  subcritical  and  supercritical  water  (136).  The  liquid  products 
were  methanol,  allyl  alcohol,  acetaldehyde,  acrolein,  and  fonnaldehyde.  Also  measured, 
though  minor,  were  ethanol,  acetone,  ethane,  ethene,  propane,  propene,  butenes,  and 
butanes.  Acetaldehyde  and  acrolein  were  the  major  products  of  low  temperature  glycerin 
refonnation  in  supercritical  water  in  a  variety  of  studies  (25,  136,  137,  146,  147).  The 
liquid  pathway  will  focus  on  these  two  species. 

Acrolein  and  water  are  fonned  from  the  decomposition  of  glycerol  (132,  136- 
141, 143, 144, 146, 147). 

C3H803  - >  C3H40  +  2H20  (8) 

The  decomposition  of  acrolein  produces  a  variety  of  chemical  species,  which  in  order  of 
decreasing  production  include:  carbon  monoxide,  ethene,  hydrogen,  methane,  ethane,  and 
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propene  (147,  289,  290).  To  account  for  the  four  most  abundant  gas  species,  two 
different  pathways  for  acrolein  decomposition  will  be  investigated.  First,  the  reaction  of 
acrolein  with  water  to  produce  methane,  carbon  monoxide  and  hydrogen: 

C3H40  +  H20  - »  2CO  +  CH4  +  H2  (9) 

The  other  reaction  is  acrolein  decomposition  into  carbon  monoxide  and  ethene. 

C3H40  - >  CO  +  C2H4  (10) 

Water,  acetaldehyde  and  fonnaldehyde  are  also  produced  from  glycerin  in  sub 
and  supercritical  water  (136-138, 147, 148). 

C3H803  - >  C2H40  +  CH20  +  H20  (11) 

In  other  studies  of  glycerin  decomposition,  it  is  noted  that  fonnaldehyde  is  an 
intennediate  product  that  quickly  decomposes  in  supercritical  water  (136,  273).  The 
decomposition  of  acetaldehyde,  Equation  12,  gives  methane  and  carbon  monoxide,  and 
the  decomposition  of  formaldehyde,  Equation  13,  produces  carbon  monoxide  and 
hydrogen.  (25,  136,  147,  276,  291-293). 


c2h4o  - 

— >  ch4  +  CO 

(12) 

ch2o  — 

— »  H2  +  CO 

(13) 

Overall,  considering  the  gases  made,  there  are  two  pathways  for  glycerin  decomposition 
via  liquid  intennediates  whether  glycerin  decomposes  into  acrolein  or  acetaldehyde  and 
formaldehyde.  As  long  as  these  liquid  intermediates  are  produced  via  the  above 
reactions,  and  decompose  as  given  above,  the  two  reactions  for  glycerin  gasification  via 
liquid  intermediates  are: 

C3H803  - >  CH4  +  2CO  +  H2  +  H20 


(14) 
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C3H803  - >  C2H4  +  CO  +  2H20  (15) 

Equation  14  is  a  product  of  either  Equation  8  then  9  or  Equation  11,  then  Equation  12  and 
13.  Whether  glycerin  decomposes  to  acrolein  or  acetaldehyde  and  formaldehyde,  the  end 
gaseous  results  are  the  same.  Equation  15  is  a  combination  of  Equations  8  and  10.  These 
two  reactions  describe  all  of  the  gaseous  species  seen  in  glycerin  reformation  except 
carbon  dioxide,  propane  and  ethane.  The  saturation  of  ethene, 

C2H4+H2 - >  C2H6  (16) 

can  explain  the  presence  of  ethane,  while  propene  and  propane  will  be  neglected  because 
they  are  not  major  components  of  the  decomposition  and  were  not  major  components  of 
the  experiments  conducted  for  this  work  (272,  273).  Carbon  dioxide  can  be  formed  in  the 
presence  of  carbon  monoxide  and  water  by  the  water  gas  shift  reaction,  Equation  5,  in 
supercritical  water  (199,  294-297). 

Another  important  chemical  reaction  seen  during  glycerin  reformation  is  the 
exothermic  methanation  reaction,  where  carbon  monoxide  or  carbon  dioxide  and 
hydrogen  react  to  fonn  methane  and  water  (199,  258,  265,  298).  This  reaction  is 
undesirable  since  both  hydrogen  and  carbon  monoxide,  the  desired  products,  are 
consumed  to  fonn  unwanted  byproducts. 


CO  +  3H2  <=>  CH4  +  H20 

(17) 

CO2  +  4H2  <=>CH4  +2  H20 

(18) 

Methanation  is  favored  by  lower  temperatures,  below  600°C,  and  requires  a  catalyst  for 
commercial  methanation.  Most  carbon  monoxide  methanation  is  done  around  250°C, 
with  carbon  dioxide  methanation  being  favored  at  higher  temperatures  (299).  The 
reverse  of  the  methanation  reactions,  the  steam  refonning  of  methane,  would  be 
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beneficial.  Steam  reformation  is  generally  conducted  at  700  to  1100°C,  at  ambient 
pressure,  over  a  nickel  catalyst.  Methane  can  be  fonned  by  routes  other  than 
methanation,  such  as  a  decomposition  product  of  the  liquid  intermediates. 

Considering  the  reactions  based  on  the  intermediates,  Equations  14  and  15,  if  all 
of  the  methane  were  reformed  with  steam  reformation,  and  all  the  ethane  or  ethane 
refonned,  and  all  the  carbon  monoxide  underwent  the  water  gas  shift  reaction,  then  the 
maximum  amount  of  hydrogen  seen  in  Equation  7  would  be  produced.  Figure  4-1  is  a 
generalized  reaction  pathway  illustrating  the  various  intennediates  and  how  they 
decompose  into  the  gases  seen  during  supercritical  water  reformation  of  glycerin. 


Glycerin 
C3H8O3 

Water  <  '/  Water 

Eq.  (8)  Eq.  (llK 


Acrolein 

C3H4O 


Acetaldehyde  and  Formaldehyde 

c2h4o  +ch2o 


Water 

1/  \ 

'Eq.  (9)  \Eq.  (1°) 

2CO+CH4+H2  C2H4+CO  CO+CH4 

H2 


Eq.  (12)  \^1-  O3) 
H2  +  CO 


^  Eq.  (16) 


▼ 

c2H6 


Figure  4-1.  Possible  reaction  pathways  for  the  reformation  of  glycerin  by  supercritical 

water. 
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The  above  pathway  takes  into  account  only  a  few  of  the  possible  liquid 
intennediates.  Other  reactions,  such  as  the  Boudouard  reaction,  methane  decomposition, 
oxidation,  methane  dry  refonning,  hydrogenation  or  dehydrogenation,  as  well  as  many 
others  are  possible,  but  the  discussion  in  this  section  will  be  limited  to  the  above  reactions 
due  to  their  ability  to  describe  and  account  for  the  product  gases  (35,  136,  137,  235,  300, 
301). 

4.5.  RESIDENCE  TIME 

Equations  of  state  are  the  most  thermodynamically  consistent  and 
computationally  straightforward  method  for  calculating  properties  in  the  supercritical 
region  (300).  After  conducting  a  literature  search,  and  comparing  various  equations  of 
state,  it  was  determined  that  the  Peng-Robinson  equation  of  state  was  the  best  for 
supercritical  water  and  high-temperature,  high  pressure  water  mixtures  involving 
nitrogen,  carbon  dioxide,  methane  and  various  hydrocarbons.  The  details  of  the  selection 
process  are  given  in  Appendix  E.  Compared  to  the  experimental  data  found  in  other 
studies,  the  error  for  the  Peng-Robinson  equation  of  state  with  van  der  Waals  mixing 
rules  was  on  average  about  2%  (20,  302,  303).  The  Peng-Robinson  equation  of  state  has 
been  used  by  numerous  studies  working  with  supercritical  fluids  (45,  304-309).  The 
Peng-Robison  equation  of  state  will  be  used  for  the  residence  time  calculations. 

The  residence  time  is  defined  here  as  the  amount  of  time  the  reactants  would 
remain  in  the  reactor  assuming  no  reactions  took  place.  It  is  based  on  the  volume  of  the 
reactor,  the  flow  rate  of  the  water/glycerin  solution,  the  composition  of  the  water/glycerin 
solution,  the  inlet  pressure  of  the  reactor  and  the  average  temperature  of  the  reactor.  This 


90 


definition  of  residence  time  is  used  because  the  profile  of  the  reaction,  when  and  what 
occurs  along  the  length  of  the  reactor,  is  unknown.  It  is  calculated  using  the  Peng- 
Robinson  equation  of  state. 


RT 

yrb 


a 

V(V  +  b)  +  b(V-b) 


(19) 


The  pressure  used  here  is  that  recorded  by  the  inlet  pressure  transducer,  the  temperature 
is  the  reactor  temperature,  R  is  the  gas  constant  and  V  is  the  molar  volume.  Since  this  is  a 
mixture  of  two  species,  a  and  b  will  be  calculated  using  van  der  Waals  mixing  rules. 


a  =  Yj Z xixj (l  - ku }{a>aj )°'5 

i  j 

(20) 

(21) 

Where  a,  is  the  a  parameter  for  species  i,  and  a,-  is  the  same  parameter  for  species  j,  which 
are  combined  together  by  the  Van  der  Waals  mixing  rule  to  make  the  composite  a,  with  b 
being  calculated  similarly.  The  parameter  %  is  an  interaction  parameter  between  the  two 
species,  which  is  zero  for  these  calculations.  The  values  of  x,-  and  Xj  are  the  inlet  mole 
fraction  of  each  component.  The  values  for  au  ah  bu  bj  are  calculated  from 


ai  =  0.457235(R2rj  / Pci)[  1  +F(]-  T^5 )] 

(22) 

h,  =  0. 07796(7?  7f  /  Pci) 

(23) 

Ft  =  0.37646  + 1 .54226^.  -  0.26992 cof 

(24) 

The  parameter  Tci  is  the  critical  temperature  of  species  i,  Pci  is  the  critical  pressure,  and  «,■ 
is  the  acentric  factor.  With  a  and  b  calculated  for  the  mixture,  the  Peng-Robinson 
equation  of  state  can  be  used  to  find  V.  The  molar  inlet  flow  rate  is  known,  and  by 
multiplying  the  inlet  molar  flow  rate  by  the  molar  volume,  the  volumetric  flow  rate  is 
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calculated.  Dividing  the  volume  of  the  reactor,  101  cm  ,  by  the  volumetric  flow  rate  in 
cm  /min,  gives  the  residence  time  in  minutes. 

This  residence  time  is  an  approximation,  because  of  the  difficulties  in  determining 
the  density  of  supercritical  mixtures,  as  well  as  the  reaction  profile  in  the  reactor.  For 
binary  and  some  ternary  mixtures,  the  phase  diagram  can  be  classified  into  six  main  types 
in  accordance  with  Van  Konynenburg  and  Scott  (310,  311).  For  mixtures  with  more 
components,  which  is  inevitable  in  reacting  systems,  the  phase  diagrams  become 
increasingly  complex  (312,  313).  As  for  reacting  systems,  whose  compositions  change 
with  time,  the  thermodynamic  description  of  these  systems  is  an  unsolved  problem  (25, 
281).  As  such,  this  residence  time,  based  on  the  mixture  molar  volume  and  hence  on 
mixture  density,  is  only  as  accurate  as  the  equation  of  state  and  the  mixing  rules  used  to 
calculate  it,  and  should  function  more  as  a  descriptor  of  a  relationship  between  the 
reaction  conditions  and  not  as  an  actual  time.  Since  this  is  the  method  used  by  the 
majority  of  supercritical  water  researchers,  it  does  facilitate  comparison  of  data  between 
research  groups. 

4.6.  EXPLORATORY  DESIGN  OF  EXPERIMENTS 

There  are  many  things  that  can  be  varied  when  supercritical  gasification  is  to  be 
studied.  For  these  experiments  it  was  determined  that  the  three  most  important  aspects  of 
the  supercritical  water  gasification  of  glycerin  were:  Temperature,  water-to-glycerin 
ratio,  and  residence  time.  This  is  based  upon  the  literature  review  that  was  conducted 
before  these  experiments,  along  with  previous  knowledge  of  the  reformation/gasification 
of  other  hydrocarbons  in  supercritical  water.  Other  variables  seen  in  the  literature  are 
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pressure,  reactor  type/configuration,  catalysis  material,  oxidant,  heating  time,  and  the 
addition  of  salts  or  other  contaminants  to  the  feed  solution.  Of  these,  the  most  viable 
candidate  for  study  would  have  been  the  effect  of  pressure,  but  previous  studies,  as  well 
as  the  literature  review,  indicated  this  would  have  less  effect  than  the  other  three  that 
were  decided  upon,  especially  in  a  range  from  17  to  31  MPa  ( 268-271 ,  300,  314).  With 
three  variables  to  be  studied,  it  was  decided  that  a  2  matrix  would  be  employed.  This  is 
meant  to  be  an  exploratory  design  of  experiment,  so  further  study  will  be  given  to  the 
variable(s)  that  have  the  most  effect  on  the  carbon  conversion  and  hydrogen  yield. 
Although  carbon  conversion  and  hydrogen  yield  are  the  most  important  responses,  the 
response  for  all  of  the  product  gases  will  be  calculated.  Duplicate  experiments  will  be 
performed  to  determine  reproducibility  and  error,  and  the  2  factorial  design  will  allow 
determination  of  the  main  effects,  as  well  as  the  two-way  and  three-way  interaction 
effects. 

With  a  2  matrix,  high  and  low  conditions  for  each  of  the  variables  are 
determined.  For  temperature,  it  was  500  and  700°C.  For  water/glycerin  molar  ratio  it 
was  3/1  and  13/1,  and  for  residence  time  it  was  30  and  90  seconds.  The  temperature 
range  was  determined  from  the  literature  review  and  prior  experience  in  hydrocarbon  and 
glycerin  reformation.  The  water/glycerin  molar  ratio  of  3/1  was  chosen  because  it  is  the 
stoichiometric  ratio  for  complete  glycerin  gasification  and  complete  water-gas  shift,  as 
shown  in  Equation  7.  The  ratio  of  13/1  was  chosen  based  on  the  literature  review.  The 
residence  times  are  determined  mostly  by  the  equipment.  Maintaining  pressure  and 
accurate  solution  feed  rates  is  difficult  at  very  high  residence  times.  The  solution  pump 
and  pressure  control  valve  determine  how  low  the  residence  time  can  be,  so  times  of  30 
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and  90  seconds  are  median  values  which  can  still  be  lowered  or  increased  if  further  study 
is  needed.  This  is  true  of  all  of  the  variables,  higher  or  lower  temperatures  or 

3 

water/glycerin  ratios  could  be  employed,  as  well  as  a  large  range  of  intermediates.  A  2 
matrix  results  in  eight  design  point  experiments,  which  Table  4-1  shows.  The 
temperature,  water/glycerin  ratio,  and  residence  time  are  given,  as  well  as  the  weight 
percent  glycerin  and  solution  flow  rate.  All  experiments  are  performed  at  24.1  MPa, 
which  corresponds  to  3500  psi.  This  pressure  has  been  used  for  a  number  of  experiments 
previous  to  these,  as  well  as  in  the  literature.  This  pressure  is  higher  than  that  needed  to 
have  supercritical  water,  22.1  MPa.  The  flow  rates  are  determined  for  each  residence 
time  using  the  Peng-Robinson  equation  described  above. 
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Table  4-1,  The  exploratory  2  matrix. 


Temperature 

°C 

Residence  time 

Seconds 

Water/glycerin 

ratio 

Moles/mole 

Weight  % 

glycerin 

Solution  Flow 

g/min 

500 

30 

3/1 

63.0 

42.0 

700 

30 

3/1 

63.0 

24.5 

500 

90 

3/1 

63.0 

14.0 

700 

90 

3/1 

63.0 

8.6 

500 

30 

13/1 

28.2 

23.8 

700 

30 

13/1 

28.2 

15.5 

500 

90 

13/1 

28.2 

7.9 

700 

90 

13/1 

28.2 

5.1 

94 


5.  RESULTS  AND  DISCUSSION 

5.1.  RESULTS  AND  DISCUSSION  OF  EXPLORATORY  MATRIX 

A  2  matrix  was  implemented,  in  order  to  determine  the  effect  of  changing  the 
residence  time,  temperature  and  water/glycerin  ratio  on  carbon  conversion  and  hydrogen 
yield.  Based  upon  both  prior  range-finding  experiments  and  the  literature  review,  as  well 
as  the  capabilities  of  the  supercritical  water  system,  it  was  determined  to  use 
temperatures  of  500  and  700°C,  water/glycerin  molar  ratios  of  3/1  and  13/1,  and 
residence  times  of  30  and  90  seconds  at  a  pressure  of  24.1  MPa.  Analysis  of  this  matrix 
will  determine  the  focus  of  the  later  experiments. 

5.1.1.  Results.  The  2  matrix  involves  eight  experiments,  but  duplicates  were 
conducted  to  determine  the  reproducibility  and  error.  Eleven  experiments  were 
conducted  from  the  original  matrix.  Once  the  matrix  was  analyzed,  further  experiments 
were  conducted,  and  some  matrix  experiments  were  repeated.  Therefore,  the  experiments 
are  numbered  in  the  order  in  which  they  were  conducted,  1-11  being  the  originals,  and  14 
and  30  being  conducted  afterwards.  Table  5-1  shows  the  experiment  number,  the 
temperature,  pressure,  solution  flow  rate,  water/glycerin  molar  ratio,  calculated  residence 
time,  and  if  the  experiment  was  a  repeat  of  a  previous  one.  They  are  put  in  an  order 
similar  to  Table  4-1,  to  illustrate  the  matrix  design. 

With  the  experiments  conducted,  the  results  can  be  determined.  Table  5-2  shows 
the  gas  yield  and  carbon  conversion  for  each  experiment.  These  will  be  the  results  that 
are  used  to  determine  the  most  important  variable  of  statistical  significance.  The  gas 
yield  is  a  dimensionless  number  defined  as  the  moles  of  that  particular  gaseous  species 
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exiting  the  system  per  minute  divided  by  the  number  of  moles  of  glycerin  entering  per 
minute.  Yield  is  used  so  that  variations  in  the  inlet  solution  flow  rate  are  taken  into 
account,  and  to  make  comparing  results  with  different  flow  rates  or  water/glycerin  ratios 
easier. 


Table  5-1.  Experimental  conditions  for  the  exploratory  matrix. 


Experiment 

number 

Temperature 

(°C) 

Pressure 

(MPa) 

Flow 

rate 

(g/min) 

Water/ 

glycerin 

Residence 

time 

(seconds) 

Repeat 

of 

10 

500 

24.3 

42.8 

3 

29.6 

7 

701 

24.2 

24.6 

3 

27.3 

8 

701 

24.3 

24.5 

3 

30.0 

7 

11 

701 

24.1 

24.5 

3 

29.8 

7 

9 

502 

24.3 

14.5 

3 

86.3 

6 

699 

24.2 

8.7 

3 

84.3 

14 

701 

24.2 

8.6 

3 

85.3 

6 

29 

701 

24.2 

7.9 

3 

91.9 

6 

4 

498 

24.4 

23.6 

13 

30.6 

2 

698 

24.2 

15.5 

13 

29.6 

5 

698 

24.3 

15.6 

13 

29.6 

2 

3 

500 

24.5 

7.9 

13 

91.3 

1 

698 

24.3 

5.2 

13 

88.5 

The  outlet  gas  composition  is  determined  by  the  gas  chromatograph,  and  the 
outlet  gas  flow  rate  from  the  wet  test  meter.  Carbon  conversion  is  the  percentage  of 
carbon  that  exits  the  system  as  gas  divided  by  that  which  entered  as  liquid  glycerin.  It 
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should  be  noted  that  at  times  carbon  conversions  over  100%  are  encountered.  This  is  due 
to  analytical  errors  and  does  not  mean  that  any  carbon  is  generated  in  the  process. 


Table  5-2.  Results  of  the  exploratory  matrix. 


Experiment 

number 

H  2 

CO 

Gas  Yield 

ch4 

co2 

c2h6 

Carbon 

conversion 

10 

0.03 

0.15 

0.03 

0.04 

0.00 

7.6% 

7 

1.35 

1.14 

0.74 

0.54 

0.16 

91.6% 

8 

1.37 

1.11 

0.74 

0.56 

0.16 

91.2% 

11 

1.42 

1.13 

0.75 

0.57 

0.17 

93.3% 

9 

0.09 

0.31 

0.08 

0.12 

0.01 

17.8% 

6 

1.57 

1.14 

0.86 

0.72 

0.19 

103.2% 

14 

1.38 

1.18 

0.89 

0.68 

0.21 

105.9% 

29 

1.26 

0.88 

0.94 

0.84 

0.23 

104.0% 

4 

0.02 

0.03 

0.01 

0.01 

0.00 

1.6% 

2 

2.87 

1.23 

0.60 

0.99 

0.14 

103.3% 

5 

2.73 

1.00 

0.59 

1.08 

0.15 

99.3% 

3 

0.34 

0.45 

0.06 

0.08 

0.01 

20.2% 

1 

3.48 

0.35 

0.79 

1.79 

0.10 

104.3% 

In  Table  5-2,  the  ethene  yield  was  not  included,  even  though  some  of  the 
experiments  had  ethane  in  the  produced  gas.  Experiments  10,  9,  4,  and  3  all  contained 
some  ethene,  but  the  amount  was  so  small  the  largest  yield  was  only  0.01,  and  as  such 
this  was  not  included  in  the  table.  There  is  large  variation  in  the  results,  with  hydrogen 
yield  going  from  0.03  to  3.48,  and  carbon  conversion  from  1.6%  to  over  100%.  This 
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indicates  that  the  variables  chosen  for  the  matrix  do  affect  the  results.  Using  statistical 
methods,  the  effect  of  temperature,  residence  time  and  water/glycerin  ratio  on  the 
hydrogen  yield  and  carbon  conversion  can  be  determined,  as  well  as  an  estimate  of  the 
error. 

5.1.2.  Analysis  and  Discussion.  Figure  5-1  illustrates  the  eight  experiments  of 
the  matrix  as  a  cube,  with  temperature  as  one  axis,  residence  time  and  water/glycerin 
ratio  as  the  others.  The  comers  of  the  cube  are  labeled  1  through  8,  and  these  represent 
the  results.  When  duplicate  or  triplicate  experiments  were  conducted,  the  result  is  the 
average  of  all  the  experiments  at  that  condition. 
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Figure  5-1.  Visualization  of  the  2  matrix. 


To  determine  the  main  effect  of  changing  temperature,  the  conditions  at  different 
temperatures  but  with  the  other  variables  kept  nominally  constant  were  subtracted  from 
each  other,  and  the  average  of  all  these  differences  is  the  main  effect  of  temperature.  The 
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experiments  are  designated  by  E,  then  the  number  of  the  experiment.  Using  Figure  5.1,  it 
would  be  the  average  of  (E2-E1),  (E4-E3),  (E6-E5),  and  (E8-E7)  to  determine  the  main 
effect  of  temperature  between  500  and  700°C.  This  was  done  for  residence  time  and  the 
water/glycerin  ratio  also.  The  two-factor  and  three-factor  interaction  effects  are 
calculated  similarly;  the  mathematics  is  given  in  Appendix  F.  All  information  about 
matrix  design  and  evaluation  came  from  “Statistics  for  Experimenters”  by  Box,  Hunter 
and  Hunter  (315).  Table  5-3  gives  the  main,  two-  and  three-factor  effects  for  carbon 
conversion  and  hydrogen  yield. 


Table  5-3.  Calculated  effects  and  estimated  errors  on  carbon  conversion  and  hydrogen 

•5 

yield  for  the  2  matrix. 


Effect  on  carbon 

conversion  with 

estimated  error 

Effect  on  hydrogen  yield 

with  estimated  error 

Main  effects 

Temperature,  T 

88  ±  2% 

2.1  ±0.1 

Residence  time,  R 

1 1  ±  2% 

0.27  ±0.1 

Water/Glycerin  ratio,  W 

1  ±  2% 

0.94  ±0.1 

Two-factor  interactions 

TxR 

-3  ±  2% 

0.1  ±0.1 

TxW 

3  ±  2% 

0.8  ±0.1 

Rx  W 

0  ±  2% 

0.2  ±0.1 

Three-factor  interaction 

TxRxW 

4  ±  2% 

0.1  ±0.1 

An  estimate  of  the  standard  error  is  given  for  all  of  the  calculated  effects,  the 
mathematics  of  which  is  given  in  Appendix  F.  The  calculated  effects  and  estimated 
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standard  error  for  the  other  gaseous  species  are  in  Appendix  G.  The  results  in  Table  5-3 
are  clear,  that  over  the  ranges  studied  in  this  matrix,  temperature  had  the  largest  effect 
upon  carbon  conversion  and  hydrogen  yield.  The  conversion  is  higher  by  almost  ninety 
percentage  points  between  the  two  temperatures,  going  from  an  average  conversion  of 
12%  at  500°C  to  100%  at  700°C,  while  hydrogen  yield  increased  from  0.1  to  2.3  over  the 
same  interval.  The  only  other  effect  that  comes  close  to  temperature  is  the  water/glycerin 
molar  ratio,  which  had  an  effect  of  0.94  for  the  hydrogen  yield,  less  than  half  the  effect  of 
temperature.  The  two-factor  and  three-factor  interaction  effects  are  also  small  compared 
with  the  temperature  main  effect.  For  hydrogen  yield,  the  temperature -water/glycerin 
ratio  two-factor  interaction  is  0.8,  the  largest  for  the  interaction  effects.  Appendix  G 
shows  that  the  largest  effect  on  all  of  the  gas  yields  was  temperature.  Based  upon  the 
results  of  this  matrix,  it  was  decided  to  conduct  further  experiments  at  different 
temperatures. 

5.2.  ANALYSIS  OF  TEMPERATURE 

The  conversion  of  any  type  of  biomass  is  a  strong  function  of  temperature,  with 
higher  temperatures  leading  to  higher  conversions  and  less  charring  or  polymerization 
(75).  Gas  yields  will  vary  as  well,  due  to  the  temperature  effect  on  both  the  reaction  rate 
and  the  equilibrium  constants  (26,  271).  Since  the  reaction  rate  would  increase  with 
temperature,  overall  reforming  yield  would  be  higher  and  would  increase  with 
temperature.  Also,  the  complete  conversion  of  glycerin  to  hydrogen  is  endothermic, 
while  the  methanation  reaction  is  exothermic.  Thus,  according  to  the  Le  Chatelier 
principle,  methane  formation  at  equilibrium  increases  at  lower  temperatures.  Methane 
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competes  against  hydrogen,  and  is  not  a  desired  product.  Therefore,  theoretically  it  is 
already  known  that  high  reforming  temperatures  are  necessary.  The  temperature  range  for 
the  matrix  experiments  was  from  500-700°C.  The  upper  operating  temperature  of  the 
reactor  is  800°C,  so  that  was  chosen  as  the  upper  limit  on  experimental  temperature.  The 
lower  temperate  that  was  chosen  was  500°C,  because  it  was  found  in  the  previous  matrix 
that  the  carbon  conversion  was  very  low  at  this  temperature,  20%  or  below.  Further 
decreases  in  temperature  would  not  be  constructive.  Experiments  were  conducted  every 
50°C  between  500  and  800°C. 

With  the  temperature  range  chosen,  the  other  parameters,  such  as  pressure, 
residence  time,  and  water/glycerin  ratio  must  be  decided  upon.  The  pressure  was  to 
remain  at  24.1  MPa,  since  it  was  not  varied  in  the  matrix.  It  was  determined  to  use  the 
same  residence  times  and  water/glycerin  ratios  as  the  matrix,  and  just  increase  the 
temperature  incrementally,  every  50°C  from  500  to  800°C.  This  would  allow  some  of 
the  original  matrix  experiments  to  be  used  again.  Table  5-4  outlines  the  experiments 
conducted  to  determine  the  effect  of  temperature,  and  gives  the  temperature,  residence 
time,  water/glycerin  ratio  and  solution  flow  rate.  It  is  divided  into  sections  based  on  what 
the  residence  time  and  water/glycerin  ratio  are. 


5.3.  RESULTS  OF  TEMPERATURE  ANALYSIS 

There  are  28  experiments  in  Table  5.4,  and  in  total  35  experiments  were 
conducted  due  to  repeat  experiments.  These  35  experiments  include  the  ones  conducted 
for  the  2  matrix,  and  are  numbered  the  same  way,  in  the  order  in  which  they  were 
conducted.  All  of  these  experiments  were  conducted  over  a  span  of  45  days.  The 
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experiments  will  be  analyzed  in  groupings  based  on  their  residence  time  and 
water/glycerin  ratio,  in  the  same  way  that  Table  5-4  is  divided.  Table  5-5  shows  the 
experimental  conditions  of  the  35  experiments. 


Table  5-4.  The  experiments  to  be  conducted  to  investigate  the  effect  of  temperature. 


Temperature 

Residence 

Water/glycerin 

Solution 

time 

ratio 

Flow 

°C 

Seconds 

Moles/mole 

g/min 

500 

30 

3/1 

41.9 

550 

30 

3/1 

34.5 

600 

30 

3/1 

24.2 

650 

30 

3/1 

26.8 

700 

30 

3/1 

24.5 

750 

30 

3/1 

22.6 

800 

30 

3/1 

21.1 

500 

90 

3/1 

14.0 

550 

90 

3/1 

11.5 

600 

90 

3/1 

8.0 

650 

90 

3/1 

8.9 

700 

90 

3/1 

8.2 

750 

90 

3/1 

7.5 

800 

90 

3/1 

7.0 

500 

30 

13/1 

23.8 

550 

30 

13/1 

20.5 

600 

30 

13/1 

18.3 

650 

30 

13/1 

16.6 

700 

30 

13/1 

15.3 

750 

30 

13/1 

14.2 

800 

30 

13/1 

13.3 

500 

90 

13/1 

7.9 

550 

90 

13/1 

6.8 

600 

90 

13/1 

6.1 

650 

90 

13/1 

5.5 

700 

90 

13/1 

5.1 

750 

90 

13/1 

4.7 

800 

13/1 

4.4 
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Table  5-5.  Experimental  conditions  for  the  analysis  of  temperature. 


Experiment 

number 

Temperature 

(°C) 

Pressure 

(MPa) 

Flow 

rate 

(g/min) 

Water/ 

glycerin 

Residence 

time 

(seconds) 

Repeat 

of 

10 

500 

24.3 

42.8 

3 

29.6 

13 

546 

24.2 

33.7 

3 

31.0 

12 

599 

24.2 

29.7 

3 

30.3 

15 

600 

24.2 

29.4 

3 

30.6 

12 

17 

649 

24.2 

27.4 

3 

29.4 

7 

701 

24.2 

24.6 

3 

27.3 

8 

701 

24.3 

24.5 

3 

30.0 

7 

11 

701 

24.1 

24.5 

3 

29.8 

7 

16 

749 

24.3 

22.0 

3 

30.9 

18 

801 

24.2 

20.6 

3 

30.6 

9 

502 

24.3 

14.5 

3 

86.3 

35 

551 

24.3 

11.4 

3 

90.4 

34 

600 

24.4 

9.7 

3 

93.1 

33 

650 

24.4 

8.8 

3 

92.2 

6 

699 

24.2 

8.7 

3 

84.3 

14 

701 

24.2 

8.6 

3 

85.3 

6 

29 

701 

24.2 

7.9 

3 

91.9 

6 

30 

750 

24.2 

7.4 

3 

90.9 

31 

799 

24.3 

7.0 

3 

90.4 

4 

498 

24.4 

23.6 

13 

30.6 

20 

547 

24.2 

20.8 

13 

29.7 

19 

600 

24.2 

18.3 

13 

30.0 

23 

650 

24.2 

16.0 

13 

31.0 

2 

698 

24.2 

15.5 

13 

29.6 

5 

698 

24.3 

15.6 

13 

29.6 

2 

21 

750 

24.1 

13.8 

13 

30.9 

22 

801 

24.2 

13.4 

13 

29.7 

3 

500 

24.5 

7.9 

13 

91.3 

32 

550 

24.4 

6.7 

13 

92.9 

28 

599 

24.4 

5.8 

13 

96.1 

27 

649 

24.3 

5.5 

13 

91.4 

1 

698 

24.3 

5.2 

13 

88.5 

24 

699 

24.3 

5.1 

13 

90.1 

1 

25 

748 

24.2 

4.7 

13 

91.1 

26 

764 

24.3 

4.5 

13 

93.4 
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Table  5-5  lists  the  major  experimental  variables  of  the  gasification,  the 
temperature,  pressure,  flow  rate,  residence  time,  and  water/glycerin  ratio,  as  well  as 
which  experiments  were  repeats.  As  can  be  seen  in  Table  5-5,  not  all  of  the  values  are 
the  same  as  those  in  Table  5-4,  due  to  errors  involved  in  the  experiment.  At  times  the 
solution  flow  rate  into  the  reactor  would  be  too  high  or  low,  and  this  would  not  be 
determined  until  after  the  experiment,  leading  to  variations  in  the  residence  time  from  the 
desired  30  or  90  seconds. 

5.3.1.  Experiments  at  30  Seconds,  3/1  Water/glycerin  Ratio.  The  results  of  the 
experiments  in  the  first  section  of  Table  5-5  are  illustrated  in  Figure  5-2,  which  shows  the 
carbon  conversion  percentage  and  gas  yield  of  hydrogen,  carbon  monoxide,  methane, 
carbon  dioxide  and  ethane.  These  are  the  main  components  of  the  product  gas,  but  not 
the  only  ones.  Ethene,  propene  and  propane  were  also  detected  in  some  experiments,  but 
not  in  all  and  in  very  low  concentrations.  The  largest  gas  yield  of  the  three  was  0.04  for 
propene  during  experiment  number  17  conducted  at  650°C.  All  of  these  gases,  ethene, 
propene  and  propane,  only  occurred  for  experiments  in  the  500  to  650°C  range  and  were 
undetectable  at  the  higher  temperatures.  The  complete  list  of  the  results  of  the 
experiments:  the  experiment  number,  the  wet  test  flow  rate,  the  ambient  temperature,  the 
gas  composition  in  mole  percent,  and  the  carbon  conversion  are  given  in  Appendix  H. 
For  all  duplicate  experiments,  the  results  are  averaged  and  the  standard  error  is  given. 
The  standard  error  is  also  included  for  the  pressure  and  residence  time,  as  these  vary 
between  each  experiment.  The  lines  used  in  the  graphs  to  connect  experimental  data 
points  are  visual  aids  to  allow  the  reader  see  trends  in  the  data. 
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— * — Carbon  gasification  -  -O-  -  Hydrogen  yield 
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Figure  5-2.  Carbon  conversion  percentage  and  gas  yield  for  changing  temperature  at 
30.0  ±  0.3  seconds  residence  time,  3/1  water/glycerin  molar  ratio,  24.22  ±  0.02  MPa. 

In  Figure  5-2,  it  can  be  seen  how  the  gas  yields  and  carbon  conversion  changes 
with  temperature  at  these  experimental  conditions.  The  carbon  conversion  increases  with 
temperature,  going  from  a  conversion  of  7.6%  at  500°C  to  105%  at  750°C,  and  remaining 
above  100%  at  800°C.  The  reason  for  the  conversion  to  be  above  100%  is  due  to 
inaccuracies  in  the  inlet  solution  flow  rate,  the  wet  test  meter  reading  and  the  gas 
chromatograph  analysis.  It  should  be  assumed  that  any  conversion  over  100%  in 
actuality  means  a  conversion  of  100%.  The  conversion  increases  greatly  from  500  to  600 
to  650°C,  going  from  8%  to  56.77  ±  0.02%  to  83%,  after  which  it  increases  more  slowly 
to  92.01  ±0.01%  at  700°C. 

The  hydrogen  yield  follows  a  similar  trend,  going  from  a  very  small  yield  of  0.04 
at  500°C  and  increasing  with  temperature  to  1.7  at  750°C,  the  highest  yield  for  hydrogen 


105 


at  these  conditions.  It  decreased  to  a  yield  of  1.4  as  temperature  increased  to  800°C.  The 
largest  standard  error  on  the  hydrogen  yield  was  at  600°C,  with  a  0.44  ±  0.05  hydrogen 
yield.  Carbon  monoxide  yield  increased  with  temperature,  increasing  from  0.15  at  500°C 
to  1.3  at  650°C,  its  highest  yield  at  these  conditions.  Afterwards,  with  increasing 
temperature  the  carbon  monoxide  yield  decreased,  ending  at  a  yield  of  0.5  at  800°C. 
Again,  the  largest  standard  error  was  at  the  600°C,  1.0  ±  0.09  being  the  carbon  monoxide 
yield.  This  is  about  a  10%  error  on  carbon  monoxide  at  this  temperature,  while  at  700°C 
the  error  is  only  about  1%.  Both  methane  and  carbon  dioxide  increase  steadily  with 
temperature.  Both  begin  with  small  yields,  near  0.3,  while  carbon  dioxide  increases  to 
0.55  ±  0.01  at  700°C  and  continues  increasing  to  1.2  at  800°C.  Methane  is  similar,  0.745 
±  0.005  at  700°C  and  1.4  at  800°C.  The  ethane  yield  was  near  flat,  always  having  a  yield 
below  0.16,  going  from  near  zero  at  500°C,  increasing  to  0.16  at  650  to  750°C, 
decreasing  to  a  yield  of  0.04  at  800°C. 

The  reason  for  these  trends  are  two-fold;  The  water  gas  shift  reaction  converts 
more  carbon  monoxide  to  carbon  dioxide  and  hydrogen  at  higher  temperatures,  leading  to 
an  increase  in  carbon  dioxide  and  hydrogen  with  a  decrease  in  carbon  monoxide. 
Secondly,  the  methane  formation  reaction  seems  to  be  more  active  at  the  higher 
temperatures.  Methane  could  be  formed  from  liquid  intermediate  decomposition,  which 
could  produce  methane  and  consume  hydrogen.  As  mentioned  previously,  these  liquid 
intermediates  could  include  acrolein,  hydroxyacetone,  acetaldehyde,  among  others.  At 
800°C,  it  may  be  that  the  water-gas  shift  reaction  is  near  equilibrium,  and  not  producing 
much  more  hydrogen,  while  the  methane  formation  is  consuming  it,  leading  to  an  overall 
decrease  in  hydrogen. 
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5.3.2.  Experiments  at  90  Seconds,  3/1  Water/glycerin  Ratio.  Experiments 
were  conducted  at  a  residence  time  of  90  seconds  and  a  3/1  water/glycerin  ratio,  the 
results  of  which  are  illustrated  in  Figure  5-3.  For  these  experiments,  three  repeats  were 
conducted  at  700°C.  Again,  the  carbon  conversion  increases  with  temperature,  from  18% 
at  500°C  to  107%  at  800°C.  The  largest  increase  in  conversion  is  from  500  to  650°C, 
after  which  the  conversion  increases  but  more  slowly.  From  650  to  800°C,  the 
conversion  increases  from  94%  to  107%.  Carbon  conversion  begins  at  a  higher 
percentage,  and  reaches  100%  at  a  lower  temperature,  for  this  residence  time  compared  to 
the  30  second  residence  time  of  Figure  5-2.  The  carbon  conversion  and  standard  error  at 
700°C  was  104.3  ±  0.8%.  As  mentioned  earlier,  percentages  higher  than  100%  are,  in 
every  practical  sense,  at  or  close  to  100%.  The  hydrogen  yield  increased  with 
temperature  from  a  yield  of  0.1  at  500  to  1.41  ±  0.09  at  700°C,  and  decreases  with 
temperature  thereafter,  having  a  yield  of  1.3  at  800°C.  Carbon  monoxide  again  increases 
with  temperature  to  650°C,  from  0.31  to  1.22,  the  maximum  yield  for  carbon  monoxide 
at  these  conditions.  It  then  decreases  to  0.40  at  800°C.  The  yield  and  standard  error  at 
700°C  is  1.07  ±  0.09  for  carbon  monoxide.  Methane  and  carbon  dioxide  increase  with 
temperature  over  the  entire  temperature  range,  with  methane  beginning  at  a  yield  of  0.08 
at  500°C  and  ending  at  F55  at  800°C,  the  highest  single  gas  yield  for  any  gas  at  these 
conditions,  and  the  highest  methane  gas  yield  seen  for  any  of  the  35  experiments.  Carbon 
dioxide  increases,  but  not  as  linearly  as  methane.  The  increase  is  slow  from  500  to 
600°C,  from  a  yield  of  0.12  to  0.19,  but  is  more  rapid  from  600  to  750°C,  going  from 
0.12  to  1.20  on  carbon  dioxide  yield. 
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Figure  5-3.  Carbon  conversion  percentage  and  gas  yield  for  changing  temperature  at  89 
±  1  seconds  residence  time,  3/1  water/glycerin  molar  ratio,  24.28  ±  0.02  MPa. 

The  yield  of  carbon  dioxide  only  increases  from  1.20  to  1.27  at  800°C.  This 
shows  that  the  water-gas  shift  reaction  is  producing  most  of  the  carbon  dioxide  and 
hydrogen  in  the  650  to  750°C  range,  and  may  be  in  equilibrium  around  800°C.  The  yield 
and  standard  error  at  700°C  is  0.75  ±  0.05.  Again,  ethane  is  near  zero  at  500°C,  increases 
to  0.21  ±  0.01  at  700°C,  and  decreases  to  zero  at  800°C.  These  trends  with  respect  to 
temperature  are  very  similar  to  the  ones  seen  at  a  30  second  residence  time,  only  shifted 
down  by  50°C. 

5.3.3.  Experiments  at  30  Seconds,  13/1  Water/glycerin  Ratio.  The  next  two 
sets  of  experiments  will  again  be  at  30  and  90  seconds  residence  time,  but  will  have  a 
water/glycerin  molar  ratio  of  13/1  instead  of  3/1  like  the  previous  two  sets  of 
experiments.  These  are  more  dilute  experiments,  having  a  glycerin  weight  percent  of 
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28.2%  instead  of  63%,  and  having  4.33  times  more  moles  of  water  than  what  is  necessary 
for  maximum  hydrogen  production.  Figure  5-4  shows  the  experiments  conducted  at  30 
seconds  residence  time  and  a  13/1  water/glycerin  ratio. 


— ^ - Carbon  gasification  -  -O  -  Hydrogen  yield 

-  -  Carbon  monoxide  yield  -  -  Methane  yield 

*  -  Carbon  dioxide  yield  -  -+-  -  Ethane  yield 


450  500  550  600  650  700  750  800 

Temperature  (°C) 


Figure  5-4.  Carbon  conversion  percentage  and  gas  yield  for  changing  temperature  at 
30.1  ±  0.2  seconds  residence  time,  13/1  water/glycerin  molar  ratio,  24.23  ±  0.03  MPa. 

The  carbon  conversion  again  increases  with  temperature,  from  a  conversion  of 
only  2%  to  100%  at  650°C,  and  increasing  to  110%  at  800°C.  Again,  it  must  be 
remembered  that  the  reason  for  the  conversion  to  be  above  100%  is  due  to  inaccuracies  in 
the  inlet  solution  flow  rate,  the  wet  test  meter  reading  and  the  gas  chromatograph 
analysis.  It  should  be  assumed  that  any  conversion  over  100%  in  actuality  means  a 
conversion  of  100%.  If  the  conversion  would  have  been  over  110%,  the  experiment 
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would  have  been  repeated,  to  understand  why  this  was  happening.  This  was  the  arbitrary 
cutoff,  1 10%,  but  all  experiments  were  at  or  below  this  amount. 

Hydrogen  yield  increased  rapidly  from  0.03  at  500°C  to  2.68  at  650°C,  and 
increased  more  slowly  after  that.  The  highest  yield  was  3.30  at  750°C,  decreasing 
slightly  to  3.21  at  800°C.  Carbon  monoxide  again  increased  from  500  to  650°C,  and 
decreased  from  650  to  800°C.  Carbon  dioxide  increased  with  temperature,  but  not 
smoothly,  while  methane  increased  with  temperature  in  a  more  linear  fashion.  Ethane 
yield  remained  very  low,  always  below  0.15. 

Comparing  these  yields  to  the  3/1  water/glycerin  experiments  leads  to  the 
conclusion  that  carbon  conversion  is  not  affected  by  water/glycerin  ratio,  but  the  gas 
yields  certainly  are.  Maximum  hydrogen  yield  is  about  twice  as  much  at  13/1  than  3/1, 
and  carbon  dioxide  is  also  much  higher.  Carbon  monoxide  is  very  similar,  and  methane 
is  much  lower  for  the  13/1  experiments.  The  larger  amount  of  water  could  be  promoting 
the  water-gas  shift,  the  methane  reformation  reaction,  or  the  steam  reformation  of  the 
liquid  intermediates,  but  it  has  little  effect  over  gasification  in  general,  since  the  carbon 
conversion  is  similar. 

5.3.4.  Experiments  at  90  Seconds,  13/1  Water/glycerin  Ratio.  The  last  sets  of 
experiments,  shown  in  Figure  5-5,  were  performed  at  the  longest  residence  time  and  the 
most  dilute  water/glycerin  molar  ratio.  This  set  had  the  fastest  response  for  the  carbon 
conversion,  increasing  from  20%  at  500°C  to  95%  at  600°C.  None  of  the  other 
conditions  were  able  to  reach  a  conversion  of  over  90%  by  600°C.  The  conversion 
increases  slightly  with  temperature  after  that,  being  at  or  above  100%  conversion. 


110 


-X - Carbon  gasification  -  -0“  -  Hydrogen  yield 

-  Carbon  monoxide  yield  -  -  Methane  yield 

-A-  -  Carbon  dioxide  yield  -  -+-  -  Ethane  yield 


Figure  5-5.  Carbon  conversion  percentage  and  gas  yield  for  changing  temperature  at  92 
±  1  seconds  residence  time,  13/1  water/glycerin  molar  ratio,  24.32  ±  0.03  MPa. 

Hydrogen  yield  increases  greatly  with  temperature  from  500  to  650°C,  going 
from  a  0.34  to  a  3.23  hydrogen  yield  over  that  interval.  It  increases  a  little  more  at 
700°C,  3.4  ±  0.1  hydrogen  yield.  This  is  the  largest  hydrogen  yield  seen  for  any 
experiments,  and  is  about  half  as  much  as  the  stoichiometric  maximum  yield  of  7  moles 
of  hydrogen  per  mole  of  glycerin  fed.  Increasing  temperatures  beyond  700°C  decreases 
the  hydrogen  yield.  Carbon  monoxide  increases  with  temperature  from  500°C  to  600°C, 
reaching  a  maximum  of  1 .3 1  at  600°C.  This  is  similar  to  the  maximum  carbon  monoxide 
yields  that  were  seen  for  the  other  experiments,  but  occurred  50°C  earlier  at  600°C  while 
the  others  were  at  650°C.  This  was  the  maximum  amount  of  carbon  monoxide  for  all  the 
experiments.  As  the  temperature  increased  further,  carbon  monoxide  dropped  to  0.35  and 
remained  at  about  this  level.  The  methane  yield  increased  with  increasing  temperature, 
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reaching  a  maximum  yield  of  1 . 14  at  800°C.  Carbon  dioxide  yield  increases  from  0.08  at 
500°C  to  1.76  at  650°C,  and  remains  about  level  after  that.  The  maximum  is  1.90  at 
750°C.  Ethane  is  barely  detectable  at  500°C,  has  a  maximum  of  0.15  at  600°C,  and  is 
undetectable  at  800°C. 

It  appears  that  methane  formation  is  limited  at  these  conditions,  but  increases 
slowly  with  temperature.  By  600°C,  carbon  gasification  is  almost  complete,  but  the 
water-gas  shift  reaction  has  not  yet  converted  much  carbon  monoxide  to  hydrogen  and 
carbon  dioxide.  At  higher  temperatures  it  does,  leading  to  the  increase  in  hydrogen  and 
carbon  dioxide  and  the  decrease  in  carbon  monoxide.  With  methane  increasing  slowly, 
and  gasification  already  100%,  the  hydrogen,  carbon  monoxide  and  carbon  dioxide  yields 
are  stable  or  trending  at  a  similar  rate  to  methane.  The  gradual  increase  in  carbon 
gasification  from  600°C  to  800°C  could  be  a  liquid  intermediate  decomposing  into 
methane. 

For  all  of  the  experiments,  carbon  conversion  increases  with  temperature.  The 
greatest  increase  is  from  500  to  600  or  650°C,  where  the  conversion  increases  from  about 
10%  to  nearly  100%,  after  which  the  conversion  levels  off  or  increases  slowly.  Complete 
gasification  is  important,  because  another  important  goal  is  to  destroy  any  organic  matter 
completely  so  that  no  further  treatment  of  the  liquid  effluent  is  necessary.  Further 
analysis  would  have  to  be  conducted  on  the  liquid  to  determine  if  further  cleanup  was 
needed,  but  100%  gasification  is  an  important  first  step. 

After  the  conversion  is  100%,  all  of  the  glycerin  has  become  gas  and  the  question 
becomes  what  gas  is  being  produced  and  how  is  it  affected  by  temperature  or  the 
different  conditions.  In  general,  hydrogen  yield  increased  with  temperature  to  around 
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700  to  750°C,  and  decreased  afterwards.  This  was  assumed  to  be  from  methane 
formation  at  the  higher  temperatures.  The  methane  formation  reaction  is  assumed  to  be 
via  liquid  intermediates,  the  decomposition  of  which  consume  hydrogen  and  produce 
methane.  Carbon  monoxide  yield  looked  similar  for  all  experimental  sets,  having  a 
similar  shaped  trend  and  similar  yields.  Generally  it  increased  until  600  or  650°C,  and 
decreased  afterwards.  Carbon  dioxide  increased  with  temperature.  Ethane  yield  was 
always  low,  but  with  maximums  near  600°C  and  minimums  at  the  highest  and  lowest 
temperatures. 

The  effect  of  residence  time  at  the  3/1  water/glycerin  ratio  was  not  very 
pronounced.  The  90-second  residence  time  reached  90%  conversion  at  a  lower 
temperature  than  at  30  seconds,  but  overall,  the  trends  and  the  yields  of  each  gas  species 
were  similar.  There  was  less  methane  and  more  hydrogen  at  the  30-second  residence 
time  for  the  750  and  800°C  experiments.  For  the  13/1  water/glycerin  experiments,  the 
90-second  residence  time  again  reached  90%  carbon  conversion  at  a  lower  temperature. 
At  the  same  water/glycerin  ratio,  the  maximum  gas  yield  produced  was  similar,  but  at  the 
longer  residence  time  it  was  reached  at  a  lower  temperature.  The  same  is  true  of  glycerin 
gasification;  the  longer  residence  times  reached  100%  conversion  at  temperature  that  was 
50  to  100°C  lower  than  the  30-second  residence  time  experiments. 

The  effect  of  water/glycerin  ratio  at  the  same  residence  time  was  more 
pronounced  than  that  of  residence  time.  Comparing  30-second  experiments  at  3/1  and 
13/1  water/glycerin  molar  ratio,  it  is  clear  that  the  13/1  ratio  achieves  above  90% 
conversion  at  a  lower  temperature,  has  a  maximum  hydrogen  yield  almost  double  that  of 
3/1  with  a  similar  carbon  monoxide  yield.  There  is  more  carbon  dioxide  in  the  13/1  and 
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less  methane,  which  indicates  more  water-gas  shift  and  less  methane  formation.  The 
ethane  yields  are  similar.  A  similar  phenomenon  occurs  when  the  residence  time  is  90 
seconds.  Water/glycerin  ratio  had  some  effect  on  carbon  conversion,  in  that  the  more 
dilute  experiments  reached  full  gasification  at  lower  temperature,  but  the  most 
pronounced  effect  was  in  gas  yield.  The  excess  of  water  in  the  13/1  water/glycerin  ratio 
promotes  water-gas  shift  over  methane  formation,  leading  to  these  yields. 

Gasification  seems  to  be  most  active  from  500  to  about  650°C,  after  which  most 
of  the  glycerin  is  gasified.  More  carbon  monoxide  is  produced  from  500  to  650°C  as  the 
glycerin  is  gasified  to  carbon  monoxide,  and  the  concentration  reaches  a  maximum  under 
all  conditions.  Therefore,  gasification  is  mainly  a  function  of  temperature,  with  all 
conditions  having  a  similar  maximum  carbon  monoxide  yield  at  a  similar  temperature  up 
to  about  650°C.  For  all  conditions  the  extent  of  methane  formation  is  a  weak  but  steady 
function  of  temperature,  increasing  steadily  with  temperature  regardless  of  conditions. 


5.4  ENERGY  EFFICIENCY 

The  efficiency  of  the  experiments  was  calculated  by  taking  the  lower  heating 
value  (LHV)  of  the  product  gases  divided  by  the  LHV  of  the  reactant  glycerin  plus  the 
heat  required  to  bring  the  glycerin  and  water  solution  to  temperature.  The  cold  gas 
efficiency  would  give  a  higher  efficiency  percentage,  because  it  neglects  the  amount  of 
heat  added  to  the  system.  This  calculation  of  efficiency  also  neglects  any  heat  loss,  heat 
of  reaction,  or  pumping  work  but  also  does  not  take  into  account  energy  recovery  from 
the  heat  exchanger.  The  specific  heat  of  reaction  is  not  known,  because  the  specific 
reactions  occurring  are  not  known.  This  is  why  the  heat  of  reaction  is  not  calculated  into 


114 


the  efficiency.  Also  unknown  is  the  heat  loss  of  the  experiment.  Therefore  this 
efficiency  is  an  overestimation,  but  will  give  a  basis  to  compare  the  results  of  these 
experiments.  The  amount  of  energy  necessary  to  heat  water  from  25°C  to  500°C  at  24.2 
MPa  is  55.0  kJ/mol,  and  to  800°C  it  is  70.6  kJ/mol.  At  500°C  this  is  10%  less  than  the 
amount  of  energy  needed  to  heat  the  same  amount  of  water  at  atmospheric  pressure, 
while  at  800°C  it  is  about  3%  less  (20).  The  amount  of  energy  to  heat  glycerin  must  be 
calculated  using  a  polynomial  expression  for  the  heat  capacity.  The  heat  capacity  is  give 
as 

Cp  =  A  +  BxT  +  CxT2  +  DxT3  (25) 

where  A,  B,  C  and  D  are  known  (316).  A  correction  for  the  pressure  is  added, 

Cp(P2,T)  =  Cp(P1,T)  +  R-ln^  (26) 

'  i 

and  the  equation  is  integrated.  The  result  of  this  is  an  estimation  of  the  enthalpy, 
since  the  constants  A  through  D  are  for  vapor,  not  supercritical  fluid.  The  values  derived 
from  this  method  are  similar  to  values  determined  from  Aspen  simulation.  From  this,  at 
500°C  142.3  kJ/mol  is  needed,  and  at  800°C  188.2  kJ/mol  is  needed  to  heat  the  glycerin 
from  25°C.  Therefore  the  minimum  energy  needed  to  heat  one  gram  of  the  3/1 
water/glycerin  solution  to  800°C  is  2.74  kJ,  and  for  the  13/1  it  is  3.39  kJ.  The  efficiency, 
along  with  data  about  the  experiment,  is  given  is  Table  5-6. 

Table  5-6  shows  that  the  efficiency  increases  dramatically  with  temperature  up  to 
about  650°C,  after  which  it  increases  more  slowly.  This  mirrors  the  trend  seen  in  carbon 
gasification.  The  3/1  water/glycerin  ratio  experiments  are  more  efficient  than  the  more 
dilute  experiments  because  less  water  has  to  be  heated  to  reaction  temperature. 
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Table  5-6.  Energy  efficiency  for  the  experiments  conducted. 


Experiment 

number 

Temperature 

(°C) 

Water/glycerin 

ratio 

Energy 

input 

(kJ/min) 

Energy 

output 

(kJ/min) 

Efficiency 

10 

500 

3 

521.0 

23.4 

4.5% 

13 

546 

3 

414.6 

62.1 

15.0% 

12 

599 

3 

368.4 

158.4 

43.0% 

15 

600 

3 

364.5 

166.3 

45.6% 

17 

649 

3 

343.1 

240.8 

70.2% 

7 

701 

3 

310.7 

248.4 

80.0% 

8 

701 

3 

309.2 

246.4 

79.7% 

11 

701 

3 

309.4 

253.4 

81.9% 

16 

749 

3 

280.3 

250.2 

89.3% 

18 

801 

3 

264.8 

233.9 

88.3% 

9 

502 

3 

176.7 

18.8 

10.7% 

35 

551 

3 

139.9 

41.2 

29.5% 

34 

600 

3 

119.8 

67.8 

56.5% 

33 

650 

3 

109.5 

87.7 

80.2% 

6 

699 

3 

110.2 

99.3 

90.1% 

14 

701 

3 

108.8 

99.3 

91.3% 

29 

701 

3 

100.2 

88.7 

88.5% 

30 

750 

3 

94.6 

82.7 

87.5% 

31 

799 

3 

89.9 

80.1 

89.1% 

4 

498 

13 

167.8 

1.5 

0.9% 

20 

547 

13 

150.9 

27.5 
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The  most  efficient  experiments  by  this  calculation  is  91%  for  experiment  number 
14,  with  a  3/1  water/glycerin  ratio,  700°C  temperature  and  a  residence  time  of  85 
seconds.  The  3/1  water-to-glycerin  experiments  at  30  seconds  residence  time  reached 
similar  efficiency  50  to  100°C  higher  than  the  90  second  experiments.  This  is  a 
continuation  of  a  similar  trend  seen  with  the  gas  yields,  with  the  shorter  residence  time 
experiments  requiring  higher  temperatures  for  the  same  result  as  the  longer  residence 
time  experiments.  Also,  the  general  result  is  that  temperatures  above  650  or  700°C  do 
not  increase  efficiency,  and  in  some  experiments  the  energy  required  for  higher 
temperature  operation  decreases  the  efficiency  above  this  range. 

5.5.  EQUILIBRIUM  MODELING  AND  COMPARISON 

In  order  to  determine  the  progress  possible  in  glycerin  reformation,  it  is  important 
to  have  an  understanding  of  the  equilibrium  conditions  for  glycerin  reformation  in 
supercritical  water.  Thermodynamic  studies  provide  information  on  conditions  for 
hydrogen  and  syngas  production  that  may  diverge  from  practical  situations  but  provide  a 
basis  for  comparison  and  theoretical  efficiency.  The  equilibrium  yield  of  all  of  the 
products  will  be  determined  for  various  temperatures,  pressures,  and  dilutions,  in  order  to 
understand  which  equilibrium  conditions  would  lead  to  the  most  hydrogen  or  synthesis 
gas.  Then,  the  experimental  results  will  be  compared  to  equilibrium,  in  order  to 
determine  if  equilibrium  was  reached,  and  if  not,  how  the  results  compare  to  equilibrium. 

5.5.1.  Equilibrium  Modeling.  Chemical  equilibrium  is  the  state  in  which  the 
concentrations  of  the  reactants  and  products  do  not  change  with  time  at  the  given 
conditions,  and  can  be  found  from  Gibbs  free  energy  minimization  (179,  235,  246,  281, 
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301,  309,  317-322).  Minimization  of  the  Gibbs  free  energy  subject  to  material  balance 
constraints  has  been  found  to  be  effective  for  complicated  chemical  equilibrium 
problems,  and  is  preferred  in  fuel  reforming  analysis,  especially  when  the  reaction 
temperature  and  pressure  can  be  specified  (300,  323).  The  equilibrium  can  be  calculated 
by  either  stoichiometric  or  non-stoichiometric  methods,  which  will  give  the  same  result  if 
done  correctly  (247,  285,  324,  325).  Both  of  these  methods  are  incorporated  in  the  Aspen 
Plus  process  simulation  software,  which  has  been  used  for  equilibrium  analysis  is  the 
literature,  as  well  as  CHEMCAD  and  other  chemical  simulation  software  (195,  235,  247, 
281,  300,  321,  326-328).  The  non-stoichiometric  method  is  based  on  minimizing  the 
total  Gibbs  free  energy  in  the  system  while  specifying  the  possible  products,  not  the 
possible  reactions. 

Aspen  Plus  is  a  chemical  process  simulation  environment  from  Aspen 
Technologies,  and  will  be  the  simulator  used  in  this  dissertation.  Its  large  database  of 
physico-chemical  properties  and  extensive  range  of  unit  operations,  make  Aspen  Plus  a 
valuable  tool  in  process  modeling  and  simulation.  In  Aspen,  the  RGIBBS  unit  operation 
is  used  to  calculate  the  equilibrium  using  the  non-stoichiometric  method.  The  feed  is 
specified,  as  well  as  any  of  the  products  that  could  be  produced,  and  the  equilibrium 
concentration  is  calculated.  The  number  of  compounds  in  the  water-glycerol  system, 
resulting  from  the  atomic  combination  among  C,  H  and  O,  could  be  very  high.  However, 
the  Gibbs  free  energy  of  formation  increases  with  the  number  of  carbon  atoms. 
Compounds  with  more  than  three  carbon  atoms  are  not  likely  to  exist  in  the  steam- 
glycerol  system  (329).  The  possible  products  used  for  these  simulations  were  all  of  the 
gasses  found  in  the  product  gas,  as  well  as  all  the  liquid  intermediates  mentioned  in 
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Section  4.4.  Chemical  Reactions  and  the  intermediates  mentioned  in  Sections  2.5.1.  and 
2.5.2.  about  glycerin  gasification.  This  includes  carbon  monoxide,  carbon  dioxide, 
methane,  formaldehyde,  methanol,  ethylene,  ethane,  acetaldehyde,  ethanol,  1,2- 
ethanediol,  propane,  propene,  propionaldehyde,  acrolein,  acetone,  allyl  alcohol,  2- 
propanone- 1,3 -dihydroxy,  2-propanone-l -hydroxy,  propanal-2-oxo,  2,3-dihydroxy- 
propanal,  plus  glycerol,  water  and  hydrogen.  It  was  found  over  the  experimental 
operating  conditions  that  the  only  non-negligible  compounds  are  water,  hydrogen,  carbon 
monoxide,  methane,  carbon  dioxide,  and  ethane.  The  molar  concentrations  of  the  other 
compounds  were  always  less  than  10"6.  The  amount  of  ethane  was  always  at  least  ten 
times  smaller  than  the  next  largest  concentration.  Carbon  formation  was  also  considered, 
with  the  carbon  modeled  as  graphite.  The  Gibbs  free  energy  minimization  did  not  form 
carbon  for  any  of  the  experimental  conditions.  The  thermodynamic  inhibition  of  carbon 
formation  in  supercritical  water  has  also  been  reported  by  other  groups  (235,  300). 

From  the  Gibbs  minimization,  figures  can  be  made  at  various  conditions  to 
illustrate  the  effect  of  water/glycerin  ratio,  temperature  or  pressure  on  the  equilibrium 
yield  of  the  product  gas  species.  Figure  5-6  gives  the  equilibrium  yield  of  the  four  main 
components,  hydrogen,  carbon  monoxide,  methane  and  carbon  dioxide  at  24.2  MPa  and  a 
3/1  water/glycerin  molar  ratio.  The  only  other  components  in  equilibrium  where  ethene 
and  ethane,  and  they  were  always  in  trace  amounts.  This  was  true  for  all  of  the 
equilibrium  results,  not  just  those  in  Figure  5-6.  Also,  for  all  equilibrium  calculations, 
there  was  complete  gasification. 
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Temperature  (°C) 

Figure  5-6.  Equilibrium  gas  yield  as  a  function  of  temperature.  Pressure  is  24.2  MPa, 

water/glycerin  molar  ratio  is  3/1. 

As  a  function  of  temperature,  the  equilibrium  yield  at  the  3/1  water/glycerin  ratio 
changes  very  little  from  400  to  about  600°C,  after  which  the  hydrogen  and  carbon 
monoxide  yield  begin  to  increase  and  carbon  dioxide  and  methane  decrease.  As  can  be 
seen,  there  is  little  to  no  hydrogen  and  carbon  monoxide  at  temperatures  lower  than 
600°C.  At  about  850°C  the  yield  of  hydrogen  is  greater  than  that  of  carbon  dioxide  and 
methane.  Figure  5-7  illustrates  the  equilibrium  yield  as  a  function  of  temperature  for 
13/1  water/glycerin  ratios.  The  equilibrium  results  at  a  13/1  water/glycerin  ratio  are  quite 
different  than  at  a  3/1  ratio.  At  400°C  the  yields  of  the  two  ratios  are  the  same,  but  for 
13/1  the  hydrogen  increases  much  faster,  and  carbon  dioxide  increases  instead  of 
decreasing  with  temperature.  Carbon  monoxide  yield  is  similar,  but  slightly  smaller  for 
the  13/1  ratio  at  higher  temperatures. 
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Temperature  (°C) 

Figure  5-7.  Equilibrium  gas  yield  as  a  function  of  temperature.  Pressure  is  24.2  MPa, 

water/glycerin  molar  ratio  is  13/1. 

Hydrogen  has  the  largest  increase,  from  almost  nothing  to  a  yield  of  3.95  at 
900°C.  The  temperature  at  which  hydrogen  yield  exceeds  carbon  dioxide  and  becomes 
the  dominant  species  is  around  700°C.  The  increased  water  concentration  means  the 
activity  of  the  water  gas  shift  reaction  is  increased,  and  the  methane  formation  reaction  is 
slowed  or  reversed  by  steam  reformation  at  temperatures  above  700°C  (300).  This 
results  in  the  increased  hydrogen  and  decreased  methane  yields  with  increasing 
temperature. 

Figure  5-8  shows  the  effect  of  the  water/glycerin  molar  ratio  on  the  equilibrium 
gas  yields.  The  pressure  was  again  24.2  MPa  and  a  temperature  of  700°C  was  used 
because  in  the  experimental  results  this  produced  substantial  hydrogen.  Figure  5-8  shows 
that,  at  these  conditions,  the  water/glycerin  ratio  strongly  affects  the  hydrogen  and 


121 


methane  yields  while  carbon  dioxide  is  less  affected  and  carbon  monoxide  is  not  affected. 
The  maximum  hydrogen  yield  of  almost  six  is  found  at  the  most  dilute  conditions. 


Figure  5-8.  Equilibrium  gas  yield  as  a  function  of  water/glycerin  molar  ratio.  Pressure 

is  24.2  MPa,  temperature  is  700°C. 

It  appears  that  at  the  lower  water/glycerin  ratios  used  in  these  experiments, 
namely  3/1  and  13/1,  methane  and  carbon  dioxide  should  dominate  at  equilibrium,  and  it 
is  not  until  the  solution  becomes  more  dilute  that  the  methane  is  steam  reformed  into 
hydrogen  and  carbon  dioxide.  As  can  be  seen  in  Figures  5-6  and  5-7,  there  is  more 
equilibrium  carbon  monoxide  at  900°C  than  at  the  lower  temperatures.  In  order  to  see 
how  carbon  monoxide  changes  with  water/glycerin  ratio,  the  temperature  will  be 
increased  to  900°C.  Figure  5-9  shows  the  effect  of  water/glycerin  ratio  on  the 
equilibrium  yield  at  900°C  and  24.2  MPa. 
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Figure  5-9.  Equilibrium  gas  yield  as  a  function  of  water/glycerin  molar  ratio.  Pressure 

is  24.2  MPa,  temperature  is  900°C. 

As  can  be  seen  in  Figure  5-9,  at  900°C  the  carbon  monoxide  decreases  steadily 
with  increasing  water/glycerin  ratio.  Equilibrium  methane  yield  decreases  from  1.3  at  a 
water/glycerin  yield  of  1  to  nearly  zero  at  a  water/glycerin  ratio  of  about  40,  and  remains 
near  zero  for  increasing  dilution.  Carbon  dioxide  yield  increases  over  the  same  interval, 
and  after  remains  near  a  yield  of  2.6.  Hydrogen  yield  increases  logarithmically  with 
water/glycerin  ratio,  being  about  one  at  a  W/G  ratio  of  one,  and  at  a  water/glycerin  ratio 
of  50  it  has  leveled  out  at  about  6.4,  increasing  slowly  to  6.7  at  the  99  water/glycerin 
ratio.  This  is  very  close  to  the  stoichiometric  maximum  hydrogen  yield  of  seven.  This 
effect,  that  higher  temperatures  and  more  dilute  feeds  increase  hydrogen  production  and 
inhibit  methane,  has  been  seen  in  another  supercritical  water  glycerin  reformation 
equilibrium  analysis  (235,  300,  325). 
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Figure  5-10  shows  the  effect  of  pressure  on  the  equilibrium  yield  of  the  product 
gases  at  a  13/1  water/glycerin  ratio  and  a  700°C  temperature.  For  all  pressures,  there  was 
complete  gasification  of  the  glycerin.  For  the  atmospheric  condition,  there  was  a  trace 
amount  of  carbon  produced.  This  was  the  only  condition  simulated  that  contained  carbon 
from  the  RGIBBS  non-stoichiometric  reactor.  As  can  be  seen,  at  equilibrium  the  most 
hydrogen  is  produced  at  atmospheric  conditions,  and  decreases  logarithmically  with 
increasing  pressure.  The  decrease  is  fastest  from  zero  to  about  7  MPa,  and  more  gradual 
thereafter.  Carbon  monoxide  decreases  from  a  yield  of  0.8  at  atmospheric  to  0.1  at 
pressures  above  20  MPa. 


Figure  5-10.  Equilibrium  gas  yield  as  a  function  of  pressure.  Water/glycerin  molar  ratio 

is  13/1,  temperature  is  700°C. 

Methane  is  almost  zero  at  atmospheric  pressure,  but  increases  quickly  up  to  about 
5  MPa  and  increases  more  slowly  with  pressure  thereafter,  having  a  maximum  yield  of 
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1.4  at  38  MPa.  Carbon  dioxide  decreases  gradually  with  increasing  pressure.  The 
decrease  in  hydrogen  and  carbon  monoxide  and  increase  in  methane  at  higher  pressures  is 
due  to  methanation,  which  is  driven  toward  methane  and  water  at  higher  pressures  (281). 
There  is  little  change  in  the  product  yield  above  the  critical  pressure.  These  equilibrium 
results  give  general  trends,  and  will  be  compared  to  the  experimental  results  to  see  if  the 
experiments  are  at  equilibrium  and  if  not  how  they  differ. 

5.5.2.  Comparing  Equilibrium  and  Experimental  Results.  The  equilibrium 
data  will  be  compared  to  the  experimental  results  to  assess  how  the  results  compare  to 
equilibrium.  Figures  5-1 1  and  5-12  illustrate  the  yield  of  gas  as  a  function  of  temperature 
for  both  the  equilibrium  and  experimental  results  at  a  3/1  water/glycerin  and  a  30  second 
residence  time. 


H2  equilibrium  O  H2  experimental 
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Figure  5-11  Equilibrium  and  experimental  hydrogen  and  carbon  monoxide  gas  yield  as 
a  function  of  temperature  at  30.0  ±  0.3  seconds  residence  time,  3/1  water/glycerin  ratio. 
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Figure  5-12  Equilibrium  and  experimental  methane  and  carbon  dioxide  gas  yield  as  a 
function  of  temperature  at  30.0  ±  0.3  seconds  residence  time,  3/1  water/glycerin  ratio. 


Only  the  major  component  gasses  of  hydrogen,  methane,  carbon  monoxide  and 
carbon  dioxide  are  given.  The  equilibrium  results  are  given  by  lines  and  the  experimental 
results  by  symbols.  As  can  be  seen  in  these  figures,  the  experimental  results  and  those 
predicted  by  equilibrium  are  quite  different  at  lower  temperatures,  but  nearly  merge  at  the 
highest  temperatures  studied.  For  hydrogen,  at  temperatures  from  500  to  600°C  the 
experimental  results  are  at  equilibrium,  while  from  650  to  750°C  the  experimental  yield 
of  hydrogen  is  about  twice  that  predicted  by  equilibrium.  At  800°C  the  two  yields  are 
becoming  closer.  Methane  has  an  experimental  yield  much  lower  than  that  predicted  by 
equilibrium  at  lower  temperatures,  but  as  temperature  increases  the  experimental  yields 
approach  equilibrium  and  at  800°C  they  are  the  same.  This  same  trend  is  witnessed  with 
carbon  dioxide.  Carbon  monoxide  has  a  trend  similar  to  hydrogen,  in  that  the 
experimental  yield  is  at  equilibrium  at  lower  temperatures,  increases  above  equilibrium  in 
the  range  of  550  to  750°C,  but  the  experimental  yield  decreases  after  650°C  and  so 
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approaches  equilibrium  at  800°C.  The  results  at  a  water/glycerin  ratio  of  3/1  and  a 
residence  time  of  90  seconds  illustrated  in  Figures  5-13  and  5-14. 


H2  equilibrium  O  H2  experimental 
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Figure  5-13  Equilibrium  and  experimental  hydrogen  and  carbon  monoxide  gas  yield  as 
a  function  of  temperature  at  89  ±  1  seconds  residence  time,  3/1  water/glycerin  ratio. 


C02  Equilibrium  A  C02  Experimental 
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Figure  5-14  Equilibrium  and  experimental  methane  and  carbon  dioxide  gas  yield  as  a 
function  of  temperature  at  89  ±  1  seconds  residence  time,  3/1  water/glycerin  ratio. 
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The  90  second  results  are  similar  to  the  results  at  30  seconds,  except  that  the 
experimental  yield  is  much  closer  to  equilibrium  at  750°C  than  the  shorter  residence  time 
experiments.  The  equilibrium  values  for  both  are  the  same,  because  equilibrium  is 
independent  of  the  residence  time.  The  equilibrium  concentration  is  changed  by  the 
water  to  glycerin  ratio,  however. 

For  the  13/1  water/glycerin  experiments,  the  trends  are  the  same  as  above,  but  the 
yield  of  hydrogen  and  carbon  dioxide  are  higher  and  methane  is  lower.  Figures  5-15  and 
5-16  give  the  equilibrium  and  experimental  results  for  a  13/1  water/glycerin  ratio  and  a 
30  second  residence  time.  Compared  to  the  previous  figures  of  equilibrium  and 
experimental  yields,  the  carbon  dioxide  yield  is  higher  than  predicted  by  equilibrium  for 
temperatures  of  750  and  800°C.  This  wasn’t  seen  at  the  3/1  water/glycerin  ratios. 


H2  equilibrium  O  H2  experimental 
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Figure  5-15  Equilibrium  and  experimental  hydrogen  and  carbon  monoxide  gas  yield  as 
a  function  of  temperature  at  30.1  ±  0.2  seconds  residence  time,  13/1  water/glycerin  ratio. 
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Figure  5-16  Equilibrium  and  experimental  methane  and  carbon  dioxide  gas  yield  as  a 
function  of  temperature  at  30.1  ±0.2  seconds  residence  time,  13/1  water/glycerin  ratio. 

The  13/1  water/glycerin,  90  second  residence  time  results  are  shown  in  Figures  5- 
17  and  5-18.  As  can  be  seen  in  Figure  5-18,  the  carbon  dioxide  yield  is  above  the 
equilibrium  yield  for  temperatures  from  650  to  764°C.  At  the  same  temperatures,  the 
carbon  monoxide  yield  is  at  equilibrium,  and  the  hydrogen  yield  is  at  a  maximum  but 
slightly  decreasing  with  increasing  temperature.  Methane  reaches  its  predicted 
equilibrium  yield  at  the  highest  temperatures. 

The  experiments  conducted  at  a  13/1  water/glycerin  ratio  and  at  a  90  second 
residence  time  had  the  lowest  temperature  where  most  of  the  experimental  results  had 
achieved  equilibrium.  Thermodynamically,  higher  water/glycerin  ratios  reduce  the 
amount  of  methane  produced.  From  these  results  it  appears  that  methane  formation 
requires  a  longer  residence  time  than  the  other  reactions,  due  to  the  fact  that  the  other 
species  are  at  or  near  equilibrium  while  methane  is  not.  Therefore,  methane  formation 
can  be  kinetically  limited  by  operating  at  higher  product  flow  rates  or  using  smaller 
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reactors,  reducing  the  residence  time  at  the  highest  temperatures  (265,  281).  Only  at  the 
highest  temperatures  does  methane  reach  equilibrium. 


H2  equilibrium  O  H2  experimental 
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Figure  5-17  Equilibrium  and  experimental  hydrogen  and  carbon  monoxide  gas  yield  as 
a  function  of  temperature  at  92  ±  1  seconds  residence  time,  13/1  water/glycerin  ratio. 
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Figure  5-18  Equilibrium  and  experimental  methane  and  carbon  dioxide  gas  yield  as  a 
function  of  temperature  at  92  ±  1  seconds  residence  time,  13/1  water/glycerin  molar  ratio. 
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5.6  KINETIC  MODELING 

“It  should  be  noted  here  that  the  measured  gas  composition  often  is  far  away  from 
the  calculated  equilibrium  data.  Obviously,  supercritical  water  gasification  is  kinetically 
driven”  {14 ) 

As  was  seen  in  the  preceding  section,  a  large  portion  of  the  experiments  were  not 
in  chemical  equilibrium,  so  a  kinetic  model  can  be  useful  in  understanding  the  trends  at 
the  lower,  pre-equilibrium  conditions.  Two  kinetic  models  will  be  given.  The  first  is  the 
simplest,  a  pseudo  first  order  model  of  the  gasification.  It  gives  the  simplest  model,  of 
how  gasification  changes  with  temperature.  A  more  complicated  model  that  takes  into 
account  the  major  gaseous  species  is  given  in  the  next  section.  This  model  is  used  to 
predict  hydrogen  production.  The  section  concludes  with  some  of  the  limitations  of  the 
model  and  possible  improvements. 

5.6.1.  First  Order  Gasification.  It  will  be  assumed  that  the  reaction  is  first  order 
with  respect  to  carbon  content  and  that  water  does  not  play  any  role  in  the  gasification. 
This  leads  to  a  pseudo  first-order  kinetic  model  for  the  rate  of  gasification 

<1  =-*[C]  (27) 


Integration  over  time  yields 


k  =  -In 


/ 1 


(28) 


where  k  is  the  pseudo-first  order  rate  constant,  C  is  carbon  in  the  gas  phase,  C0  is  the 
initial  carbon  present  in  the  feed  glycerin,  and  t  is  the  residence  time.  This  is  the  method 
used  by  Chakinala  et  al,  Bennekom  et  al.,  and  Buhler  et  al.  in  studies  of  the  noncatalytic 
supercritical  water  gasification  of  glycerol  (75,  136,  267).  The  assumption  of  first  order 
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kinetics  have  been  made  by  many  groups,  and  proved  by  some  to  be  accurate  (25,  26,  52, 
145,  269,  330,  331).  The  idea  that  water  is  not  present  in  the  reaction  rate  is  usually  due 
to  the  fact  that  water  is  in  a  large  excess  compared  to  the  organic,  and  therefore  can  be 
assumed  constant.  Any  factor  that  is  constant  can  be  neglected  in  the  reaction  rate 
because  it  is  a  function  of  time.  However,  in  this  study  many  of  the  experiments 
consisted  of  three  moles  of  water  to  one  mole  of  glycerin,  which  is  not  in  excess.  In  fact, 
this  is  the  stoichiometric  minimum  amount  of  water  if  complete  reformation  were  to 
occur.  If  the  gasification  of  glycerin  occurs  via  liquid  intermediates,  then  water  is  a 
product  rather  than  a  reactant,  and  would  not  appear  in  the  gasification  reaction  rate. 
This  will  be  the  justification  of  water  not  being  present  in  the  reaction  rate,  rather  than  the 
more  common  justification  that  water  is  in  large  excess.  The  rate  constant  was 
calculated,  and  the  results  of  this  study  are  compared  against  the  results  of  other  groups 
working  in  the  noncatalytic  supercritical  water  gasification  of  glycerin  in  Figure  5-19. 

The  best  fit  line  and  linear  equation  are  for  this  study  only,  and  from  this  the 
activation  energy  can  be  determined.  These  results  are  from  a  wide  variety  of 
temperatures,  pressures,  water-to-glycerin  ratios  and  residence  times,  yet  show  little 
scatter  and  a  consistent  trend.  Although  there  is  little  overlap  in  temperature,  the  results 
of  the  higher  temperature  experiments  appear  to  extrapolate  well  to  the  lower  temperature 
results.  The  activation  energy  for  this  study  is  133  kJ/mol,  which  compares  well  with  the 
results  of  Bennekom  et  al.  with  196  kJ/mol  and  Chakinala  et  al.  with  111  kJ/mol.  This  is 
the  simplest  way  of  measuring  the  rate  of  gasification,  but  any  understanding  of  the  gas 
production  rates  would  require  a  more  complicated  explanation. 
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Figure  5-19.  Arrhenius  plot  for  the  pseudo  first  order  gasification  of  glycerin  in 
supercritical  water.  Results  are  from  this  study  and  others  in  noncatalytic  supercritical 
water  gasification  of  glycerin  (75, 116,  136,  267,  268,  270,  274). 

5.6.2.  Simplified  Reaction  Network.  The  overall  gasification  rate  given  above 
is  unable  to  model  the  production  of  the  gaseous  products.  However,  detailed 
mechanistic  approaches  involving  a  large  number  of  species,  intermediates  and  reactions 
quickly  become  cumbersome.  A  simplified  kinetic  model  involving  only  the  gaseous 
products  offers  a  balance  between  sophistication  and  simplicity.  These  kinetics  models 
are  useful  and  usually  acceptable  within  the  ranges  of  experimental  conditions  (52,  332). 
Also,  because  none  of  the  intermediates  could  be  analyzed,  a  detailed  mechanistic  model 
would  be  impossible  to  solve.  Many  groups  have  used  similar  kinetic  models  when 
dealing  with  gasification  (1,  30,  50,  332-339). 

Section  5.5.2.  determined  that  the  reaction  does  proceed  to  near-equilibrium 
concentration,  especially  for  the  higher  temperatures  studied,  750°C  to  800°C,  depending 
on  the  reaction  conditions.  This  fact  will  have  to  be  taken  into  account  when  trying  to 
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model  the  gasification  of  glycerin  in  supercritical  water.  Each  reaction  will  have  to  be 
evaluated  to  determine  if  it  has  gas  species  that  are  at  or  near  the  equilibrium 
concentration.  If  an  experimental  yield  value  is  within  50%  of  an  equilibrium  value, 
those  results  will  not  be  used  for  the  kinetic  analysis.  Therefore,  all  experiments 
conducted  at  750°C  to  800°C  will  be  excluded.  For  the  experiments  conducted  at  a 
residence  time  of  90  seconds  and  a  13/1  water/glycerin  ratio,  all  experiments  from  650°C 
to  800°C  are  excluded. 

In  order  to  model  the  gaseous  reactions,  a  number  of  different  reaction  pathways 
can  be  envisioned.  Many  were  tried,  but  the  most  successful,  in  that  it  describes  all  of  the 
reaction  conditions  with  the  highest  R  values  on  the  Arrhenius  plot,  is  given  below.  The 
other  pathways,  and  the  resulting  Arrhenius  plots,  are  given  in  Appendix  I.  All  of  the 
models  were  based  on  a  carbon  balance,  and  the  kinetic  models  were  based  on  glycerin, 
carbon  monoxide,  carbon  dioxide,  methane,  and  perhaps  ethane  and  ethene.  Ethane  and 
ethene  were  not  always  included,  because  they  were  produced  in  smaller  amounts  than 
the  other  gaseous  carbon  species. 

The  pathway  used  to  model  the  reaction  of  glycerin  in  supercritical  water  is  one  in 
which  the  glycerin  decomposes  into  either  carbon  monoxide  or  methane.  Carbon 
monoxide  could  then  undergo  the  water  gas  shift  reaction  and  form  carbon  dioxide. 
Using  the  symbol  “A”  for  glycerin,  “5”  for  the  resulting  carbon  monoxide,  “C”  for 
carbon  dioxide  and  “D”  for  methane,  the  reaction  pathway  is  as  follows: 


A- 

— >  35  — >  3C 

(29) 

A- 

—^—>3  D 

(30) 
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This  pathway  is  a  simple  model  of  the  gasification  of  glycerin,  and  can  serve  as  a 
starting  point  for  later,  more  complicated  analysis.  This  pathway  assumes  that  all  carbon 
monoxide  and  methane  is  the  result  of  two  different  glycerin  decomposition  reactions, 
and  that  all  carbon  dioxide  is  the  result  of  the  water  gas  shift  reaction.  It  also  neglects 
any  ethane  or  ethene.  Reaction  3 1  is  the  glycerin  to  carbon  monoxide  reaction.  Reaction 
32  is  carbon  monoxide  to  carbon  dioxide,  the  water  gas  shift  reaction.  Reaction  33  is  the 
glycerin  to  methane  pathway. 


C3Hs03  — 3CO  +  4H2 

(31) 

CO  +  H^O — »  C02  + 1[1 

(32) 

C3H803  +  5 H,  -^^3 CH4  +  3 H0O 

(33) 

These  reactions  and  this  reaction  pathway  were  chosen  based  on  the  ability  to  accurately 
describe  the  carbon  containing  species.  These  are  only  approximations  of  the  myriad 
reactions  happening.  Integral  analysis  of  the  reaction  mechanism  of  Equations  29  and  30, 
with  the  further  assumption  of  global  first  order  kinetics  gives  the  following  expressions 
for  the  molar  flow  rates  of  each  carbon  containing  species: 


C  =C  e 

a  ao 


f(-ki-k3) 


(34) 


Q  = 


-3  CaMe 


-t{kx  +k 3  -k2 ) 


-l)e 


-k-,t 


kx  +k3  —  k2 


(35) 


-3 Caokx (kxe  k-  +  k3e  klJ  - k2e  {kl+k3)l  -kx-k3+k2) 
(kx  +  k3  ^){kx  +  k3  —  k~, ) 


c  = 


(36) 
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Where  Cao  is  the  molar  flow  rate  of  glycerin  in  the  entering  water/glycerin  solution,  and 
Ca  is  the  remaining,  un-reacted  glycerin  or  any  liquid  intermediates.  O,  is  the  molar  flow 
rate  of  the  product  carbon  monoxide;  Cc  represents  the  molar  flow  rate  of  carbon  dioxide 
gas,  and  Cd  the  methane  molar  flow  rate.  Since  the  residence  time,  t,  and  concentrations 
are  experimentally  determined,  the  rate  constants  ki,  kd,  and  k?  can  be  solved  for 
numerically.  First  order  kinetics  was  used  for  simplicity.  Even  if  a  better  correlation 
could  be  obtained  with  more  complex  reaction  kinetics,  these  simplified  rate  expressions 
provide  basic  information  about  supercritical  water  gasification  of  glycerin  under  similar 
reactor  systems  and  experimental  conditions.  The  reactions  are  not  diffusion  limited 
because  of  the  absence  of  heterogeneous  catalysts  creating  mass  transfer  resistance,  as 
well  as  the  high  diffusivity  of  supercritical  water  and  the  solubility  of  permanent  gasses 
in  supercritical  water.  Residence  time  was  calculated,  as  a  function  of  inlet  fluid  density, 
using  the  Peng-Robinson  equation  of  state  with  Van  der  Waals’  mixing  rules.  The  rate 
constant  of  a  reaction,  especially  one  in  supercritical  fluids,  can  be  greatly  affected  by  the 
pressure  ( 6 ,  25,  340).  This  is  overcome  in  this  case  by  keeping  the  reactions  at  the  same 
pressure.  From  these  equations,  the  rate  constants  may  be  calculated,  from  which  the 
activation  energy,  Ea,  and  Arrhenius  frequency  factor,  A,  can  be  regressed  using  the 
Arrhenius  equation. 

The  values  for  Cb,  Cc  and  Cd  were  calculated  from  the  flow  rate  of  the  effluent  gas 
and  the  gas  analysis.  For  experiments  4,  9,  10  and  13  the  concentration  of  carbon  dioxide 
was  so  low  that  the  value  for  Cd  was  assumed  to  be  zero.  This  is  due  to  the  fact  that  the 
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temperatures  for  these  experiments  were  either  500  or  550°C,  which  was  too  low  for  any 
significant  water  gas  shift  to  occur.  The  value  of  Ca,  the  carbon  remaining  as  glycerin  in 
the  effluent,  was  not  calculated  or  used  in  any  calculations  because  liquid  analysis  was 
not  performed  on  the  liquid  samples. 

Using  the  values  for  Cj,  Cc,  and  Q,  the  rate  constants  for  each  reaction  can  be 
calculated  by  solving  Equations  35-37  simultaneously  and  minimizing  the  difference 
between  the  calculated  and  actual  values  of  Cj,  Cc,  and  Q  by  changing  the  rate  constants. 
This  was  done  in  a  Microsoft  Excel®  spreadsheet  using  the  solver  tool.  The  data  used  for 
this,  the  concentrations  Cao,  Q,,  Cc,  and  Cd  along  with  the  calculated  rate  constants  ki,  k2, 
and  k3,  can  be  found  in  Appendix  J.  The  natural  log  of  the  rate  constants  as  a  function  of 
the  inverse  temperature  for  each  reaction  is  illustrated  in  Figures  5-20  through  5-22. 
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Figure  5-20.  First-order  Arrhenius  plot  for  reaction  31,  glycerin  to  carbon  monoxide. 
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5-21.  First-order  Arrhenius  plot  for  reaction  32,  carbon  monoxide  to  carbon 

dioxide. 


1.00E-03  1.10E-03  1.20E-03  1.30E-03  1.40E-03 

T-1  (K-1) 


Figure  5-22.  First-order  Arrhenius  plot  for  reaction  33,  glycerin  to  methane. 
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When  the  natural  log  of  the  rate  constant  is  plotted  against  the  inverse  of  the 
temperature  for  each  experiment,  the  slope  is  equal  to  —Ea/R  and  the  intercept  is  equal  to 
the  natural  log  of  A.  The  activation  energy,  Arrhenius  frequency  factor  and  the 
autocorrelation  coefficient  for  each  pathway  are  given  in  Table  5-7. 


Table  5-7.  Frequency  factor,  activation  energy  and  autocorrelation  coefficient  for  the 
three  model  reaction  pathways  for  glycerin  in  supercritical  water. 


Arrhenius 

Frequency 

Factor, 

s'1 

Activation 

Energy, 

kJ/mol 

Autocorrelation 
Coefficient  Percent 

R2 

Reaction  (31),  glycerin 
to  carbon  monoxide 

5.03xl03 

94.6 

78.0 

Reaction  (32),  water 
gas  shift 

27.8 

59.7 

54.2 

Reaction  (33),  glycerin 
to  methane 

1.40xl05 

128.4 

89.6 

Reaction  33,  glycerin  to  methane,  has  the  largest  frequency  factor  and  activation 
energy,  and  reaction  31,  glycerin  to  carbon  monoxide,  has  intermediate  values.  Reaction 
32,  the  water  gas  shift  reaction,  has  a  lower  activation  energy  and  a  very  low  frequency 
factor.  The  slope  of  the  Arrhenius  plot,  and  hence  the  activation  energy,  describe  how 
dependent  the  reaction  is  upon  temperature.  So  reaction  33  is  the  most  sensitive  to 
temperature  change,  followed  by  reaction  31  then  water  gas  shift.  The  autocorrelation 
coefficient  for  reaction  31  and  33  shows  that  the  Arrhenius  plot  fits  the  data  well,  but 
reaction  32  is  not  as  good  of  a  fit.  From  the  2  matrix  results  in  Appendix  G,  it  can  be 
seen  that  the  yield  of  carbon  dioxide  is  affected  more  by  the  water/glycerin  ratio  than  any 
other  carbon  containing  species.  Because  reaction  32  did  not  take  into  account  water 


139 


concentration,  this  may  be  why  the  autocorrelation  coefficient  is  not  as  high.  Other 
studies  of  the  non-catalyzed  water  gas  shift  reaction  in  supercritical  water  have 
determined  activation  energies  between  67  to  145  kJ/mol  (199,  294-297).  These  studies 
used  pure  carbon  monoxide  as  the  feed.  These  previous  studies  did  not  always  assume 
first  order  kinetics,  although  the  reaction  order  was  always  near  unity.  They  also 
neglected  the  water  concentration  and  the  reverse  reaction  in  their  analysis. 

The  error  in  finding  the  kinetic  model  is  given  in  Figure  5-23,  which  provides  a 
comparison  between  the  measured  values  of  the  concentration  and  those  calculated  by 
solving  Equations  35-37  simultaneously  for  all  data  sets.  The  maximum  error  was  3.3%, 
and  the  average  error  in  this  calculation  was  0.02%  for  all  the  conditions  used  for  the 
kinetic  analysis.  The  maximum  error  was  for  carbon  dioxide,  Cc,  and  occurred  at  the 
lowest  temperature. 
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Figure  5-23.  Percentage  deviations,  (Cexp-Ccal)/Cexp,  between  experimental  results  for  the 
concentration  and  values  calculated  from  the  simultaneous  solution  of  equations  35-37. 
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5.6.3.  Modeling  Hydrogen  Production.  The  reactions  31-33  should  be  able  to 
calculate  hydrogen  production.  These  reactions  are  just  models  of  the  many  reactions 
occurring  during  supercritical  water  reformation  of  glycerin,  but  since  they  can 
reasonably  describe  the  carbon  balance  and  kinetic  models,  it  is  a  fair  question  whether 
they  can  also  model  the  hydrogen  production.  Given  the  stoichiometry,  for  every  mole  of 
carbon  monoxide  produced  there  will  be  one  and  73rd  moles  of  hydrogen  produced.  For 
every  mole  of  carbon  dioxide,  two  and  73rd  moles  of  hydrogen  will  be  produced.  Every 
mole  of  methane  produced  will  consume  one  and  2IJA  moles  of  hydrogen.  The 
experimental  yield  will  be  compared  to  the  yield  calculated  from  the  stoichiometry.  The 
results  will  be  divided  up  into  groups  based  on  the  water/glycerin  ratio  and  residence  time 
used.  For  the  experiments  at  a  13/1  water/glycerin  ratio  and  30  second  residence  time, 
the  results  are  given  in  Figure  5-24. 
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Figure  5-24.  Experimental  yield  of  hydrogen  and  the  yield  calculated  from  the 
stoichiometry  of  reactions  31-33  as  a  function  of  temperature  for  experiments  conducted 
at  a  13/1  water/glycerin  ratio  and  30  second  residence  time. 
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Figure  5-24  shows  that  there  is  good  agreement  between  the  experimental  results 
and  those  calculated  form  the  stoichiometry  for  these  conditions.  Both  the  increase  from 
500  to  650°C,  and  the  subsequent  leveling  of  the  yield  is  accounted  for.  The  largest  error 
is  at  500°C,  where  there  is  little  hydrogen  production  to  begin  with. 

Figure  5-25  gives  the  results  for  the  13/1  water/glycerin  ratio  and  90  second 
experiments.  Again,  the  calculated  results  mirror  the  experimental  ones.  The  decrease  in 
hydrogen  yield  above  700°C  is  accounted  for  in  the  calculated  results.  Here  again  the 
largest  errors  are  at  the  lowest  temperatures,  500  or  550°C.  The  calculated  result  at 
550°C  is  more  than  double  the  experimental  result.  As  temperature  increases,  the  error  is 
lower.  Figure  5-26  gives  the  comparison  for  experiments  conducted  at  a  3/1  ratio  and  a 
30  second  residence  time. 
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Figure  5-25.  Experimental  yield  of  hydrogen  and  the  yield  calculated  from  the 
stoichiometry  of  reactions  31-33  as  a  function  of  temperature  for  experiments  conducted 
at  a  13/1  water/glycerin  ratio  and  90  second  residence  time. 


142 


2.5 

2 


QJ 

•-1.5 

S3 

<u 

M  , 
O  1 
- 
T3 

>> 

®  0.5 


0 


O  Experimental 
□  Calculated 


□ 

5  o 


□ 

o 


$ 


450  500  550  600  650  700  750  800  850 


Temperature  (°C) 


Figure  5-26.  Experimental  yield  of  hydrogen  and  the  yield  calculated  from  the 
stoichiometry  of  reactions  31-33  as  a  function  of  temperature  for  experiments  conducted 
at  a  3/1  water/glycerin  ratio  and  30  second  residence  time. 


As  can  be  seen  in  Figure  5-26,  the  fit  is  not  as  good  as  the  previous  two 
experimental  sets.  From  500  to  650°C  the  calculated  values  are  always  greater  than  the 
actual  experimental  values,  from  'A  to  4  times  larger.  From  700  to  800°C  the  fit  is  much 
closer,  having  a  maximum  error  of  15%.  The  comparison  for  experiments  at  a  3/1  ratio 
and  90  seconds  residence  time  is  given  in  Figure  5-27. 

As  shown  in  Figure  5-27,  the  calculated  results  have  a  similar  trend  as  the 
experimental  results.  The  calculated  hydrogen  yields  from  500  to  650°C  are  again  larger 
than  the  experimental  results,  from  A  to  six  times  larger.  However,  at  these  conditions 
the  values  also  diverge  at  the  highest  temperature.  The  experimental  results  level  off 
after  700°C,  but  the  calculated  results  decrease. 
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Figure  5-27.  Experimental  yield  of  hydrogen  and  the  yield  calculated  from  the 
stoichiometry  of  reactions  31-33  as  a  function  of  temperature  for  experiments  conducted 
at  a  3/1  water/glycerin  ratio  and  90  second  residence  time. 

The  calculated  hydrogen  yield  is  more  accurate  for  experiments  conducted  at  a 
13/1  water/glycerin  ratio  than  a  3/1  ratio.  For  the  3/1  ratio,  the  error  occurs  in  the  range 
500  to  650°C.  At  higher  temperatures  the  calculated  results  are  closer  to  the 
experimental  ones.  The  general  trends  for  the  3/1  ratio  experiments  are  correct.  In 
general,  the  hydrogen  production  model  is  more  accurate  at  the  higher  temperatures 
where  there  is  complete  gasification.  This  could  be  because  reactions  31-33  are  tailored 
to  describe  gas  phase  products,  which  are  dominant  when  glycerin  is  completely  gasified. 
Temperatures  from  500  to  650°C  do  not  lead  to  total  gasification,  meaning  there  is  either 
un-reacted  glycerin  or  liquid  intermediates,  and  these  are  not  included  in  reactions  31-33. 
It  could  be  there  are  more  intermediates  for  the  3/1  ratio  experiments,  making  the 
hydrogen  production  model  even  less  accurate  at  these  conditions. 

5.6.4.  Limitations  of  the  Model.  During  the  kinetic  modeling  of  the 
supercritical  water  reformation  of  glycerin,  many  different  pathways  or  models  could 
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have  been  used,  and  many  different  assumptions  were  made.  It  is  important  to  review 
these  choices  and  discuss  what  could  have  been  done  differently,  why  certain 
assumptions  were  made  and  how  they  affected  the  outcome. 

Instead  of  the  kinetic  model  used  in  Section  5.6.2.,  an  elementary  reaction  model 
could  be  used.  These  models  require  the  simultaneous  solution  of  the  elementary  rate 
expression  for  all  the  reactions  that  occur  between  molecules,  atoms  and  radicals. 
Elementary  reaction  models  are  useful  in  predicting  reaction  rates  outside  of  the 
conditions  for  which  they  were  derived  (297).  They  also  provide  insight  into  reaction 
mechanisms  (297,  341).  However,  elementary  reaction  models  contain  many  reactions. 
A  model  for  the  oxidation  of  a  simple  molecule  like  hydrogen  contains  seventeen 
elementary  steps  and  thirty  four  rate  constants  (334).  Researchers,  combining  physical 
chemistry  with  quantum  thermodynamics,  have  created  models  with  60,000  individual 
elementary  reaction  steps  (342).  The  simplified  kinetics  in  this  study  is  a  balance 
between  a  model  that  is  unable  to  predict  gas  yields,  the  first  order  gasification  model, 
and  one  that  involves  a  large  number  of  complex  equations  and  simulations  to  solve. 

The  models  used  both  in  Sections  5.6.1  and  5.6.2.  are  for  gasification  only.  They 
either  describe  overall  gasification,  Section  5.6.1  or  the  concentration  of  the  gaseous 
products,  Section  5.6.2.  This  is  because  gas  products  were  the  only  ones  measured,  and 
the  goal  of  this  study.  However,  as  was  mentioned  in  various  articles,  the  liquid  products 
are  both  important  as  gasification  intermediates  and  as  products  themselves.  A  better 
model  would  include,  at  the  least,  the  concentrations  of  formaldehyde,  acrolein  and 
acetaldehyde. 
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All  of  the  reactions  were  assumed  to  be  first  order.  Many  other  groups  have  made 
this  assumption  when  modeling  supercritical  water  gasification,  as  well  as  other  types  of 
gasification.  Some  groups  have  experimentally  determined  the  reaction  order  for  the 
organic  species,  and  they  are  almost  always  near  unity.  The  models  used  in  Section  5.6.1 
and  5.6.2  would  be  better  if  the  reaction  orders  of  the  constituent  reactions  could  be 
determined. 

Reaction  32,  the  water  gas  shift  reaction,  was  modeled  as  a  first  order,  non- 
reversible  reaction.  This  reaction  is  known  to  be  reversible  and  to  include  the  water 
concentration.  These  simplifications  may  be  why  the  fit  of  this  reaction  is  less  accurate 
than  the  others.  The  reaction  can  be  modeled  as  non-reversible  only  when  the  system  is 
not  in  equilibrium,  as  was  done  in  the  kinetic  model.  Since  no  carbon  monoxide  or 
carbon  dioxide  is  initially  present,  and  carbon  dioxide  is  made  from  the  water  gas  shift 
reaction,  the  reaction  would  only  proceed  forward,  until  equilibrium  was  reached.  The 
water  concentration  was  not  included  in  the  model  because  a  rigorous  hydrogen  or 
oxygen  balance  was  not  conduced,  and  the  correct  outlet  water  concentration  is  not 
known.  The  model  would  most  likely  be  improved  by  including  water  in  the  reaction. 
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6.  SUMMARY  AND  CONCLUSION 


3 

The  supercritical  water  gasification  of  glycerin  was  conducted  in  a  101  cm' 
tubular  reactor  at  temperatures  from  500  to  800°C,  3/1  to  13/1  water/glycerin  molar  ratios 
and  at  30-  and  90-second  residence  times  at  a  constant  pressure  of  24  MPa.  It  was 

•5 

determined,  using  a  2  matrix  analysis,  that  temperature  was  the  dominant  variable 
among  the  three  investigated.  Therefore,  further  experiments  were  conducted  at  50°C 
intervals.  It  was  found  that  100%  gasification  is  possible  from  600  to  700°C,  and  that  the 
maximum  hydrogen  and  carbon  monoxide  yields  also  occur  in  this  temperature  range. 
Importantly,  methane  production  always  increases  with  temperature,  so  that  in  order  to 
minimize  methane  production  temperatures  of  750  or  800°C  should  not  be  used. 

Water/glycerin  ratios  of  3/1  can  be  fully  gasified,  but  produce  far  less  hydrogen 
than  the  more  dilute  13/1  ratios.  The  3/1  ratios  also  produce  more  methane.  The 
residence  time  generally  has  the  effect  of  shifting  the  gas  yields  down  the  temperature 
scale  by  50°C,  so  that  longer  residence  times  reach  maximum  conversion  and  hydrogen 
yield  50°C  before  the  shorter,  30-second  reactions  do.  Compared  to  other  experimental 
groups,  this  work  was  closer  to  a  pilot-scale  study  that  used  no  catalysts  and  had 
significantly  higher  glycerin  concentrations.  The  energy  efficiency  of  the  process  was 
investigated.  The  efficiency  was  an  approximation,  because  many  of  the  parameters 
needed  to  correctly  calculate  the  value  are  unknown  for  this  process.  A  general  trend  can 
be  found,  in  which  the  efficiency  increases  dramatically  with  temperature  up  to  about 
650°C,  after  which  it  increases  more  slowly  or  even  decreases.  The  3/1  water/glycerin 
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ratio  experiments  are  thermally  more  efficient  than  the  more  dilute  experiments  because 
less  water  has  to  be  heated  to  reaction  temperature. 

The  results  were  compared  to  chemical  equilibrium,  as  calculated  by  Gibbs  free 
energy  minimization.  Hydrogen  and  carbon  monoxide  increase  with  increasing 
temperature,  while  methane  and  carbon  dioxide  are  stable  or  slightly  decrease  with 
temperature  at  equilibrium.  This  trend  is  more  pronounced  the  more  dilute  the  initial 
glycerin  concentration.  More  hydrogen  is  produced  at  the  more  dilute  water/glycerin 
ratios,  with  less  methane  and  more  carbon  dioxide.  Lower  pressures  produce  more 
hydrogen  and  less  methane  at  equilibrium.  It  was  found  that  at  temperatures  from  750°C 
to  800°C,  most  of  the  results  were  at  equilibrium.  For  experiments  conducted  at  a  13/1 
water/glycerin  ratio  and  at  a  90  second  residence  time,  equilibrium  occurs  at  a  far  lower 
temperature,  and  all  experiments  from  650  to  800°C  were  at  or  near  equilibrium. 
Experiments  were  concluded  to  be  near  equilibrium  if  the  results  were  within  50%  of  an 
equilibrium  value. 

Based  on  this,  two  kinetic  models  were  developed  for  experiments  not  in 
equilibrium.  The  first  model  is  a  pseudo  first  order  model  of  the  gasification.  The 
amount  of  carbon  entering  as  glycerin  and  exiting  as  carbon  in  the  gas  is  known,  as  is  the 
residence  time  and  temperature,  so  a  rate  constant  and  Arrhenius  plot  can  be  made.  The 
results  of  this  study  were  compared  to  all  other  non-catalytic  supercritical  water  glycerin 
reformation  articles  in  the  literature.  The  results  of  this  study  compared  well  with  the 
other  studies.  Based  on  this  kinetic  model,  an  activation  energy  for  gasification  of  133 
kJ/mol  was  calculated.  Other  studies  have  calculated  activation  energies  of  1 1 1  kJ/mol 
and  196  kJ/mol  (75,  267). 
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The  second  kinetic  model  takes  into  account  the  carbon  containing  gaseous 
species.  Three  reactions  are  used  to  model  the  gaseous  products:  Gasification  of  the 
glycerin  into  carbon  monoxide  and  hydrogen,  water  gas  shift  of  the  resulting  carbon 
monoxide,  and  a  reaction  in  which  glycerin  and  hydrogen  combine  to  produce  methane. 
The  gasification  of  glycerin  into  carbon  monoxide  and  the  reaction  of  glycerin  to  produce 
methane  had  better  fits  to  the  results  than  the  water  gas  shift  reaction  using  this  pathway. 
The  activation  energy  of  glycerin  into  carbon  monoxide  and  hydrogen  was  95  kJ/mol,  the 
water  gas  shift  was  60  kJ/mol,  and  the  reaction  of  glycerin  and  hydrogen  to  produce 
methane  and  water  was  128  kJ/mol.  Other  reaction  pathways  were  tested,  and  they  either 
did  not  fit  the  data  as  well,  or  were  thermodynamically  impossible.  The  reaction  pathway 
is  also  capable  of  predicting  hydrogen  production  for  most  conditions.  The  calculated 
hydrogen  yield  is  more  accurate  for  experiments  conducted  at  a  13/1  water/glycerin  ratio 
than  a  3/1  ratio.  For  the  3/1  ratio,  the  error  occurs  in  the  range  500  to  650°C.  At  higher 
temperatures  the  calculated  hydrogen  yields  are  closer  to  the  experimental  ones. 

In  the  future,  liquid  analysis  would  be  instrumental  to  understanding  the  pathway 
of  glycerin  reformation  and  in  confirming  the  carbon  balance.  Future  studies  could 
experimentally  determine  the  reaction  order  of  the  mechanistic  reactions.  Also,  the  water 
gas  shift  could  be  better  modeled  if  the  water  concentration  were  incorporated  into  the 
reaction,  which  would  necessitate  better  liquid  characterization.  In  order  to  test  the 
ability  of  the  system  to  reform  crude  glycerin,  the  consequences  of  salt  in  the  feed  will 
have  to  be  studied.  Salt,  more  than  any  other  impurity  in  crude  glycerin,  would  be  the 
impediment  to  gasification. 


APPENDIX  A 

PHYSICAL  DATA  FOR  PURE  AND  AQUEOUS  GLYCERIN 
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Table  A-l.  Viscosity  of  a  glycerin/water  solution  at  various  temperatures  and  glycerin 

weight  percent  (343). 


Glycerin 

weight  % 

0 

20 

Temperature  (°C) 

40  60 

80 

100 

0 

1.79 

1.01 

0.66 

0.47 

0.36 

0.28 

10 

2.44 

1.31 

0.83 

0.58 

- 

- 

20 

3.44 

1.76 

1.07 

0.73 

- 

- 

30 

5.14 

2.50 

1.46 

0.96 

0.69 

- 

40 

8.25 

3.72 

2.07 

1.30 

0.92 

0.67 

50 

14.60 

6.00 

3.10 

1.86 

1.25 

0.91 

60 

29.90 

10.80 

5.08 

2.85 

1.84 

1.28 

70 

76.00 

22.50 

9.40 

4.86 

2.90 

1.93 

80 

255.00 

60.10 

20.80 

9.42 

5.13 

3.18 

90 

1310.00 

219.00 

60.00 

22.50 

11.00 

6.00 

100 

12070.00 

1410.00 

284.00 

81.30 

31.90 

14.80 
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Table  A-2.  Boiling  point  and  vapor  pressure  of  a  glycerin/water  solution  (343). 


Glycerin  Wt  % 

Boiling  Point  at  1  atm  (°C) 

Vapor  Pressure  at  100°C 

(atm) 

0 

100 

1.000 

10 

100.9 

0.974 

20 

101.8 

0.943 

25 

102.3 

0.926 

30 

102.8 

0.908 

35 

103.4 

0.888 

40 

104 

0.864 

45 

105 

0.841 

50 

106 

0.813 

55 

107.5 

0.780 

60 

109 

0.743 

65 

111.3 

0.728 

70 

113.6 

0.653 

75 

116.7 

0.592 

80 

121 

0.521 

85 

127.5 

0.429 

90 

138 

0.325 

95 

164 

0.213 

100 

290 

0.084 
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Table  A-3.  Dielectric  constant  of  glycerin/water  solutions  at  2xl06  Hz  (343). 


Glycerin  wt  % 

20°C 

40°C 

60°C 

80°C 

100°C 

0 

80.37 

73.12 

66.62 

60.58 

55.1 

10 

77.55 

70.41 

63.98 

58.31 

- 

20 

74.72 

67.7 

61.56 

56.01 

- 

30 

71.77 

64.87 

58.97 

53.65 

- 

40 

68.76 

62.03 

56.24 

51.17 

- 

50 

65.63 

59.55 

53.36 

48.52 

- 

60 

62.03 

55.48 

50.17 

45.39 

41.08 

70 

57.06 

51.41 

46.33 

41.9 

38.07 

80 

52.27 

46.92 

42.32 

38.3 

34.7 

90 

46.98 

42.26 

38.19 

34.47 

31.34 

100 

41.14 

37.3 

33.82 

30.63 

27.88 

Table  A-4.  Density  of  glycerin/water  solutions  (343). 


Glycerin  wt  % 

Density  (g/cm  ) 

15°C 

20°C 

25°C 

30°C 

0 

0.99913 

0.99823 

0.99708 

0.99568 

10 

1.02325 

1.02210 

1.02020 

1.01905 

20 

1.04840 

1.04690 

1.04525 

1.04350 

30 

1.07455 

1.07270 

1.07070 

1.06855 

40 

1.10145 

1.09930 

1.09710 

1.09475 

50 

1.12870 

1.12630 

1.12375 

1.12110 

60 

1.15650 

1.15380 

1.15105 

1.14830 

70 

1.18415 

1.18250 

1.17840 

1.17565 

80 

1.21160 

1.20850 

1.20545 

1.20240 

90 

1.23810 

1.23510 

1.23200 

1.22890 

100 

1.26415 

1.26108 

1.25802 

1.25495 
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REACTOR  AND  HEATER  ASSEMBLY  AND  DIMENSIONS 
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Figure  B-2.  Schematic  of  raivlor,  adapter  crosses.  t hmutmtil  adapters.  Al  l  dEmensiuns  iri  inches. 
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Figure  B-3.  Wallow  heater  dimensions  and  zones. 
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Figure  B-4.  Full  assemble  of  Wallow  heater  and  ouilei  insulation. 


APPENDIX  C 


GAS  CHROMATOGRAPH  CONDITIONS  AND  CALIBRATION 
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An  HP  5890  Series  A  gas  chromatograph  (GC)  equipped  with  a  Restek 
ShinCarbon  100/120  packed  column  2  meters  in  length,  1/16”  OD  is  connected  to  a 
thermal  conductivity  detector  (TCD).  Three  different  methods  are  used  when  a  sample  is 
injected  with  a  syringe:  RestekOO,  RestekOl  and  Resket02.  Each  method,  with  its 
corresponding  GC  conditions,  is  described  in  Table  C-l  below.  The  injection  port  on  the 
GC  is  at  a  constant  temperature  of  120°C,  and  the  TCD  temperature  is  220°C  for  each 
method. 


Table  C-l.  GC  conditions  and  times  for  gas  sample  methods. 


GC  Conditions 

RestekOO.M 

Methods 

RestekOl. M 

Restek02.M 

Initial  oven  temperature  (°C) 

30.0 

30.0 

30.0 

Initial  time  (min) 

3.0 

3.0 

3.0 

Oven  Heat  Rate  (°C/min) 

8.0 

8.0 

8.0 

Final  temperature  (°C) 

78.0 

166.0 

250.0 

Time  at  final  temp,  (min) 

0.0 

0.0 

3.0 

Total  time  (min) 

9.0. 

20.0 

33.5 

RestekOO  starts  with  an  initial  oven  temperature  of  30°C  for  3  minutes,  then 
ramps  up  to  a  temperature  of  78°C  at  a  rate  of  8°C/min.  The  oven  immediately  cools 
back  down  to  30°C.  In  this  time,  hydrogen,  oxygen/nitrogen,  carbon  monoxide,  methane 
and  carbon  dioxide  are  eluded  from  the  column.  The  column  was  unable  to  separate 
oxygen  from  nitrogen,  which  is  why  the  peak  must  be  considered  oxygen/nitrogen.  As 


can  be  seen  from  Table  C-l,  RestekOl  is  a  continuation  of  RestekOO,  with  the  oven 
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continuing  to  increase  in  temperature  until  it  reaches  166°C.  In  this  time,  all  of  the 
previously  mentioned  species  elude  from  the  column,  along  with  acetylene,  ethylene  and 
ethane.  Again,  Restek02  is  a  continuation  of  the  previous  method,  with  the  oven 
increasing  to  250°C,  and  remaining  at  this  temperature  for  three  minutes.  This  allows  all 
the  previous  species  to  elude  plus  propene  and  propane.  If  the  gas  sample  contained  a 
species  that  did  not  elude  before  the  method  was  concluded,  that  species  would  remain  in 
the  column  until  a  high  enough  temperature  was  used  to  make  the  species  elude.  It  would 
elude  at  an  unpredictable  time  and  have  characteristics  unlike  an  average  gas  sample.  A 
skilled  GC  operator  can  distinguish  when  this  occurs.  To  avoid  this,  during  an 
experiment  a  longer  program  is  run  first,  to  see  if  there  is  significant  longer  eluding 
species  in  the  sample.  If  not,  shorter  programs  can  be  used.  At  the  conclusion  of  an 
experiment,  the  longest  method  is  used,  in  case  any  longer  eluding  species  were  present 
in  subsequent  gas  samples. 

The  advantage  of  having  all  of  the  methods  have  the  same  initial  oven 
temperature  is  that  the  method  can  be  changed  before  it  is  started  without  the  oven  having 
to  come  to  a  new  temperature.  Additionally,  the  advantage  of  having  the  same  oven 
ramp  speed  means  that  during  analysis,  the  method  can  be  changed,  to  be  longer  or 
shorter,  merely  by  changing  the  final  oven  temperature.  After  the  method  is  concluded, 
the  oven  must  cool  down  to  30°C  before  another  sample  may  be  injected.  Once  the  oven 
reaches  30°C,  it  must  remain  at  this  temperature  for  three  minutes,  in  order  to  allow  the 
column  and  all  the  oven  internal  parts  to  reach  the  correct  temperature.  The  residence 
times  at  which  all  calibrated  species  elude  are  given  in  Table  C-2. 


161 


Table  C-2.  Elution  times  for  various  species  in  the  HP  5890  Series  A  gas 

chromatograph. 


Species 

Elution  time  (min) 

Standard  Deviation 

Hydrogen 

0.65 

0.07 

Oxygen/N  itro  gen 

1.3 

0.2 

Carbon  monoxide 

1.8 

0.1 

Methane 

2.7 

0.2 

Carbon  dioxide 

6.4 

0.3 

Acetylene 

11.4 

0.3 

Ethylene 

13.0 

0.4 

Ethane 

14.7 

0.4 

Propene 

25.3 

0.5 

Propane 

26.5 

0.5 

The  GC  was  calibrated  for  each  of  the  species  listed  in  Table  C-2,  and  the  results 
of  that  calibration  are  illustrated  in  the  figures  below.  The  number  of  moles  in  the 
injection  was  varied  by  changing  the  injection  size,  from  0.01  to  1  mL.  The  area  is  the 
area  of  the  resulting  peak,  integrated  by  the  HP  Chemstation  software. 
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Integrated  Area 


Figure  C-l.  Hydrogen  gas  calibration  plot. 
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Figure  C-2.  Nitrogen/oxygen  gas  calibration  plot. 
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0  50000  100000  150000  200000 

Integrated  Area 

Figure  C-3.  Carbon  monoxide  gas  calibration  plot. 
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Figure  C-4.  Methane  gas  calibration  plot. 
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0  50000  100000  150000  200000  250000 

Integrated  Area 

Figure  C-5.  Carbon  dioxide  gas  calibration  plot. 


Integrated  Area 


Figure  C-6.  Acetylene  gas  calibration  plot. 
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0  50000  100000  150000  200000  250000 

Integrated  Area 

Figure  C-7.  Ethylene  gas  calibration  plot. 


0  50000  100000  150000  200000  250000  300000  350000 

Integrated  Area 


Figure  C-8.  Ethane  gas  calibration  plot. 
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Integrated  Area 


Figure  C-9.  Propene  gas  calibration  plot. 
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Figure  C-10.  Propane  gas  calibration  plot. 
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EXAMPLE  OF  AN  HP  CHEMSTATION  REPORT 
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Below  is  an  example  of  the  reports  that  HP  Chemstation  generates  upon 
completion  of  an  analysis.  This  particular  report  is  from  September  7,  2010  and  was  the 
third  gas  sample  syringe  taken  for  experiment  number  35.  It  was  analyzed  with  method 
RestekOl,  and  from  the  areas  reported  here,  and  the  calibrations  given  above,  the  mole 
percentage  of  each  of  the  gases  was  calculated.  For  the  TCD,  the  gas  species  from  left  to 
right  are:  hydrogen  at  an  elution  time  of  0.568  minutes,  nitrogen/oxygen  at  1.102 
minutes,  carbon  monoxide  at  1.269  minutes,  methane  at  2.882  minutes,  carbon  dioxide  at 
6.952  minutes,  ethene  at  13.018  and  ethane  at  15.055  minutes.  The  FID  was  not  on,  so 
no  peaks  were  recorded  for  it. 


Dais  File  C:\HPCHEM\l\DATAlSlG253fi7.D 
Instilment  1  9/  7/10  1 1:34:32  FM  Jason 


Injection  Dale 
Sample  N'anie 
Acq  Operator 
Inj  Volume 
Method 
Last  dunged 


:  9/7/10  11:17:19  PM 

Vial :  2 

:  Jason 
:  External 

:  C  tHPCHEMl^METHODSVRESTEKO  1 . M 
.  9/7/10  10:35:22  PM  by  Jason 
( modi  tied  after  loading) 


Area  Percent  Report 


Sorted  By  Signal 

Multiplier  1 0000 

Dilution  :  1 .0600 


Signal  1:  FED2  B. 
Signal  2:  TCDl  A, 


Peak 

# 

i 

RetTime  Type 

[nun] 

1  1  L 

Width 

[nun] 

Area 

counts*s 

1  F 

Height 

[counts] 

Area 

°4 

l 

0.568 

PB 

0.0936 

1  1 
2.84154 e5 

3.7  8544 J 

57.44678 

2 

1  102 

PP 

0  0794 

236  27097 

43.50245 

0.04777 

1 

1.263 

VB 

0.1162 

9.29286e4 

1.03215*1 

1S.7S714 

4 

2.882 

PB 

0.1805 

7.97882  e4 

6104.12402 

16  13057 

5 

6.952 

BB 

0  2432 

1.2643  5  e4 

696.12683 

2.59653 

6 

13.018 

BB 

0.2053 

4637  01709 

319.61420 

0.93745 

7 

Totah 

15  055 

BS 

0  2374 

2  00515e4 

III 7  04309 
4.94d39e5 

4  0  5376 
5.d95(54e4 

Swiuii/ed  Peaks  Report 


Signal  1  HU  2  B. 

Signal  2:  TCDl  A 


Final  Summed  Feaki  Report 


Signal  1:  FID2  B. 
Signal  2:  TCDl  A. 


End  of  Report  ** 


— i 

o 


APPENDIX  E 

COMPARISON  OF  EQUATIONS  OF  STATE  AND  MIXING  RULES  IN 
SUPERCRITICAL  WATER  AND  SUPERCRITICAL  WATER  MIXTURES 
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Equations  of  state  have  been  used  by  various  groups  to  determine  P-V-T  data  in 
supercritical  fluids  (304,  307,  313,  344-347).  A  literature  search  was  conducted  to  find 
data  on  the  P-V-T  data  of  water  mixtures,  especially  water-nitrogen,  water-methane, 
water-glycerin,  and  water-carbon  dioxide  (302,  348-356).  The  only  information  about 
water-glycerin  mixtures  was  in  regard  to  glycerin  being  used  to  inhibit  hydrate  formation 
of  water-gas  mixtures.  The  experiments  were  conducted  at  low  temperatures  and 
pressures,  and  no  P-V-T  data  was  reported  that  could  be  compared  against  (355,  356). 
Experimental  data  was  found  for  high  temperature,  high  pressure  water-nitrogen  and 
water-carbon  dioxide  mixtures,  along  with  a  large  amount  of  data  for  water-hydrocarbon 
systems.  This  data  was  compared  to  the  calculated  values  from  a  number  of  equations  of 
state.  Again  based  on  the  literature,  the  most  promising  and  most  used  equations  of  state 
are  the  Peng-Robinson  (PR),  Soave-Redlick-Kwong  (SRK),  and  the  Predictive  SRK 
(PSRK).  When  mixtures  were  studied,  the  PR  equation  used  both  the  van  der  Waals  (W) 
and  the  Huron-Vidal  (HV)  mixing  rules,  while  the  SRK  was  solved  using  just  the  Huron- 
Vidal  (357).  For  mixtures,  the  PSRK  uses  a  mixing  rule  proposed  by  Holderbaum  and 
Gmehling  (358). 

Before  the  EOS’s  where  compared  against  mixtures,  they  were  used  to  calculate 
the  molar  volume  of  pure  water  and  compared  against  the  values  from  the  steam  tables 
(20).  Temperatures  of  400  to  800°C  where  used  at  a  pressures  of  20,  24  and  30  MPa.  The 
percentage  error  of  the  calculated  molar  volume  as  compared  to  the  steam  table  values  is 
given  in  Table  E-l  for  the  pressure  of  24  MPa.  All  of  the  experiments  conducted  for  this 
work  were  performed  at  a  pressure  of  24. 1  MPa. 
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Table  E-l.  Percentage  error  from  steam  table  values  for  the  molar  volume  calculated 
from  three  equations  of  state  at  various  temperatures,  24  MPa. 


Temperature 

(°C) 

PR 

Percentage  error 

SRK 

PSRK 

400 

1.26 

6.89 

8.36 

450 

1.46 

2.68 

3.99 

500 

1.53 

1.95 

3.32 

550 

1.18 

1.87 

3.29 

600 

0.78 

1.96 

3.38 

650 

0.40 

2.08 

3.50 

700 

0.07 

2.20 

3.58 

750 

0.22 

2.30 

3.63 

800 

0.45 

2.38 

3.64 

As  can  be  seen,  the  Peng-Robinson  equation  of  state  is  the  most  accurate  when 
compared  to  the  steam  tables,  having  an  average  error  of  0.8%.  The  SRK  and  PSRK 
equations  are  the  least  accurate  at  400°C.  With  increasing  temperature  the  SRK  and 
PSRK  have  average  errors  of  about  2%  and  3%,  respectively.  Table  E-2  shows  the 
percentage  error  at  the  subcritical  pressure  of  20  MPa. 
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Table  E-2.  Percentage  error  from  steam  table  values  for  the  molar  volume  calculated 
from  three  equations  of  state  at  various  temperatures,  20  MPa. 


Temperature 

(°C) 

PR 

Percentage  error 

SRK 

PSRK 

400 

0.39 

3.92 

4.53 

450 

1.81 

1.58 

2.45 

500 

1.82 

1.08 

2.09 

550 

1.54 

1.02 

2.11 

600 

1.04 

1.27 

2.40 

650 

0.61 

1.50 

2.64 

700 

0.10 

1.83 

2.96 

750 

0.11 

1.88 

2.97 

800 

0.12 

1.75 

2.79 

The  results  indicate  that  at  subcritical  pressures  the  PR  equation  of  state  is  the 
most  accurate,  having  an  average  error  of  0.8%.  SRK  and  PSRK  were  again  the  least 
accurate  at  400°C,  and  had  average  errors  of  1.8%  and  2.8%  over  the  temperature  range, 
respectively.  Table  E-3  shows  the  percentage  error  at  30  MPa. 


175 


Table  E-3.  Percentage  error  from  steam  table  values  for  the  molar  volume  calculated 
from  three  equations  of  state  at  various  temperatures,  30  MPa. 


Temperature 

(°C) 

PR 

Percentage  error 

SRK 

PSRK 

29.63 

39.12 

43.41 

450 

0.92 

6.19 

8.50 

0.45 

3.87 

5.90 

550 

0.49 

3.27 

5.22 

0.23 

3.11 

5.01 

650 

0.07 

3.09 

4.93 

0.37 

3.12 

4.89 

750 

0.63 

3.17 

4.85 

0.85 

3.19 

4.78 

Peng-Robinson  is  again  the  most  accurate,  but  it  can  be  seen  that  at  this  increased 
pressure  all  three  equations  of  state  have  high  error  percentages  at  400°C.  Equations  of 
state  are  least  accurate  and  should  not  be  used  near  the  critical  point,  but  these  tables  have 
shown  that  for  20  and  24  MPa,  the  PR  equation  is  capable  of  producing  accurate  results 
above  400°C.  At  30  MPa,  equations  of  stat  can  be  used  at  temperatures  above  450°C  to 
correctly  predict  P-V-T  data,  but  with  less  accuracy  then  at  20  and  24  MPa. 

Data  was  used  from  Greenwood  in  his  study  of  water-carbon  dioxide  mixtures  at 
450  to  750°C,  10  and  50  MPa,  mole  fractions  of  0.2  and  0.5  carbon  dioxide,  and  he 
reported  the  molar  volume  found  (303).  The  molar  volume  was  calculated  using  PR, 
SRK  and  PSRK  with  the  Huron  Vidal  or  van  der  Waals  mixing  rules.  The  binary 
interaction  parameter  used  in  the  Huron-Vidal  was  equal  to  0.12,  while  the  van  der  Waals 
mixing  rule  did  not  use  a  binary  interaction  parameter.  The  experimental  conditions  and 
values,  as  well  as  the  percentage  error  for  each  EOS  are  given  in  Table  E-4  below. 
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Table  E-4.  Experimental  conditions  and  results  from  Greenwood,  1969,  and  the 
percentage  error  for  each  equation  of  state  (303). 


T 

°C 

P 

MPa 

Molar 

fraction 

co2 

Xco2 

PR-HR 

Percentage  error 

SRK-  PSRK- 

HR  HR 

PR-W 

450 

10 

0.2 

1.94 

1.94 

0.29 

2.33 

450 

50 

0.2 

8.04 

20.95 

15.08 

5.59 

650 

10 

0.2 

0.44 

0.44 

1.74 

0.29 

650 

50 

0.2 

3.87 

1.69 

9.14 

3.23 

750 

10 

0.2 

0.75 

0.59 

1.88 

0.65 

750 

50 

0.2 

2.86 

1.07 

7.41 

2.46 

450 

10 

0.5 

0.19 

0.76 

1.42 

0.73 

450 

50 

0.5 

1.51 

16.62 

7.08 

0.51 

650 

10 

0.5 

1.32 

1.17 

2.47 

1.10 

650 

50 

0.5 

2.91 

1.33 

7.15 

2.14 

750 

10 

0.5 

2.69 

2.86 

1.75 

2.83 

750 

50 

0.5 

2.83 

5.53 

0.66 

3.31 

After  taking  the  absolute  value,  the  PR  EOS  with  the  van  der  Waals  mixing  rule 
had  the  lowest  percentage  error,  with  an  average  error  of  2.1%.  The  PR  with  HR  mixing 
rule  had  an  error  of  2.5%.  The  SRK  and  PSRK  had  average  errors  of  4-5%.  Using  PR, 
the  largest  error  was  6-8%,  while  the  largest  for  SRK  was  21%  and  PSKR  was  15%. 
Again,  the  largest  errors  occurred  at  elevated  pressures  and  lower  temperatures.  This 
approach  was  also  taken  with  water-nitrogen  data  from  Abdulagatov  et  ah,  1993  (302). 
His  data  was  at  300  and  390°C,  17-40  MPa,  and  nitrogen  molar  fractions  of  0.18  to  0.88. 
No  binary  interaction  parameters  where  used  for  either  mixing  rule.  Table  E-5  gives  his 
experimental  results  and  the  percentage  error  from  the  equations  of  state. 
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Table  E-5.  Experimental  conditions  and  results  from  Abdulagatov  et  al.,  19993,  and  the 
percentage  error  for  each  equation  of  state  (302). 


T 

°C 

P 

MPa 

Molar 

fraction 

n2 

PR-HR 

Percentage  error 

SRK-  PSRK- 

HR  HR 

PR-W 

300 

32.96 

0.8821 

1.40 

17.19 

3.77 

1.60 

300 

24.84 

0.8821 

1.20 

12.05 

3.18 

1.37 

300 

16.91 

0.8821 

0.98 

5.82 

2.38 

1.12 

390 

31.53 

0.0654 

6.29 

70.92 

9.22 

5.96 

390 

20.68 

0.0654 

1.24 

12.52 

1.88 

1.42 

390 

39.86 

0.1814 

4.86 

55.46 

7.63 

4.52 

390 

29.83 

0.1814 

0.91 

86.86 

3.54 

0.62 

390 

19.79 

0.1814 

1.85 

94.10 

0.41 

2.04 

390 

39.55 

0.3738 

0.12 

48.97 

4.06 

0.18 

390 

29.64 

0.3738 

1.16 

60.75 

2.19 

1.41 

390 

19.76 

0.3738 

1.75 

17.39 

0.77 

1.93 

Again,  the  average  error  was  found  for  each  method.  Again  PR-HR  and  PR-W 
was  the  lowest,  both  having  an  average  error  of  2%.  The  PSRK  was  next  at  3.5%,  and 
SRK  had  an  average  error  of  44%.  These  results  show  that  SRK  coupled  with  the  Huron- 
Vidal  mixing  rules  are  not  to  be  used  as  an  equation  of  state  in  supercritical  water 
oxidation  systems  or  any  other  system  were  a  large  percentage  of  nitrogen  is  present. 
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Based  on  these  results,  the  Peng-Robinson  equation  of  state  is  the  most  accurate 
equation,  since  it  was  able  to  match  experimentally  determined  volumes  or  densities  for 
water  and  water  mixtures,  with  average  errors  of  about  2%.  It  should  be  noted  that  the 
different  mixing  rules  used  for  the  PR  EOS,  van  der  Waals  and  Huron-Vidal,  did  not 
change  the  overall  result  for  the  conditions  studied.  Also,  neglecting  the  binary 
interaction  parameter  for  the  water-nitrogen  mixture,  and  in  PR  with  van  der  Waals 
mixing  rules  for  water-carbon  dioxide,  did  not  seem  to  affect  the  result. 
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MATHEMATICS  OF  THE  MATRIX  ANALYSIS 
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3  •  • 

Figure  5-1,  the  visualization  of  the  2  matrix,  will  be  used  for  all  the  calculations. 
The  effect  of  temperature,  residence  time  and  water/glycerin  ratio  on  carbon  conversion 
and  all  of  the  gas  yields  are  calculated  this  way.  The  numbers  on  the  figure  represent  the 
result,  either  conversion  or  gas  yield,  of  the  experiment  conducted  at  the  conditions  given 
by  the  axis  on  the  figure.  The  experiments  are  designated  by  E,  then  the  number  of  the 
experiment. 

Effect  of  Temperature: 

Average  of  ( E2+E4+E6+E8 )  -  Average  of  ( E1+E3+E5+E7 ) 

Effect  of  Residence  time: 

Average  of  ( E3+E4+E7+E8 )  -  Average  of  ( E1+E2+E5+E6 ) 

Effect  of  Water/Glycerin  ratio: 

Average  of  ( E5+E6+E7+E8 )  -  Average  of  (El  +E2+E3+E4) 

The  two  factor  interaction  is  the  effect  that  those  two  factors  have  together  on  the  result, 
which  have  a  coupled  influence  beyond  their  individual  main  effects.  It  is  calculated  for 
each  combination  by: 

Temperature  by  residence  time  effect 

Averag e(El+E5+E4+E8)  -  Average(fs3 +E7+E2+E6) 

Temperature  by  water/glycerin  ratio  effect 

Average  (El  +E3+E6+E8)  -  Average  (E2+E4+E5+E7) 

Water/glycerin  by  residence  time  effect 

Average  (El  +E2+E7+E8)  -  Average  (E3+E4+E5+E6) 

For  the  three-factor  interaction,  it  is  calculated  by 


]_ 

2 


* 


(ES-E7)-(E6-E5) 


(E4-E3)-(E2-El) 


2 


2 
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The  standard  error  for  each  result  is  estimated  by  first  taking  the  summation  of  the 
square  of  each  repeat  experiment  minus  the  square  of  the  summation  divided  by  the 
number  of  repeat  experiments  performed  at  that  condition.  Each  experiment  is 
designated  by  yx,  x  being  1,  2,  3,  etc.  depending  on  how  many  repeat  experiments  were 
done  at  that  condition.  The  number  of  experiments  conducted  at  a  specific  condition  is 
given  by  n.  This  is  given  by  the  equation 

1  1 

This  is  the  standard  error  for  each  experimental  point  that  had  duplicate  experiments 
conducted  at  it.  To  determine  the  error  of  the  interaction  parameter  itself,  these  separate 
errors  of  the  experimental  points  need  to  be  combined.  To  do  this,  the  summation  of  the 
above  equations  for  each  repeated  condition  is  divided  by  the  degree  of  freedom,  which  is 
the  number  of  sets  of  experiments  that  were  repeated.  The  square  root  of  this  number  is 
taken,  and  this  is  the  estimated  standard  deviation  for  the  main  effects  and  the  interaction 
effects.  To  obtain  the  estimated  standard  error,  this  number  is  divided  by  the  square  root 
of  n  (315). 
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CALCULATED  EFFECTS  AND  ESTIMATED  ERROR  FOR  THE  PRODUCT 

GASES  IN  THE  23  MATRIX 
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These  are  the  main  effects  of  temperature,  residence  time  and  water/glycerin  ratio, 
plus  the  two-factor  and  three-factor  interaction  effects,  for  carbon  monoxide,  carbon 
dioxide,  methane  and  ethane.  They  were  calculated  using  the  method  from  Appendix  F. 
The  estimated  error  is  also  included,  and  is  calculated  using  the  methods  from  Appendix 
F. 


Table  G-l.  Calculated  effects  and  estimated  errors  on  carbon  monoxide  and  carbon 

3  • 

dioxide  for  the  2  matrix. 


Effect  on  CO 

yield 

Effect  of  CO2 

yield 

Main  effects 

Temperature,  T 

0.7  ±0.1 

0.97  ±  0.06 

Residence  time,  R 

-0.1  ±0.1 

0.27  ±0.06 

Water/Glycerin  ratio,  W 

-0.2  ±0.1 

0.36  ±0.06 

Two-factor  interactions 

TxR 

-0.4  ±0.1 

0.20  ±  0.06 

TxW 

-0.2  ±0.1 

0.40  ±  0.06 

RxW 

-0.1  ±0.1 

0.14  ±0.06 

Three-factor  interaction 

TxRx  W 

-0.2  ±0.1 

0.14  ±0.06 
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Table  G-2.  Calculated  effects  and  estimated  errors  methane  and  ethane  for  the  2'  matrix. 


Effect  on  CH4 

yield 

Effect  on  C2H6 

yield 

Main  effects 

Temperature,  T 

0.71  ±0.03 

0.15  ±0.01 

Residence  time,  R 

0.11  ±0.03 

0.00  ±0.01 

Water/Glycerin  ratio,  W 

-0.07  ±0.03 

-0.03  ±0.01 

Two-factor  interactions 

TxR 

0.06  ±  0.03 

0.00  ±0.01 

TxW 

-0.06  ±0.03 

-0.03  ±0.01 

Rx  W 

0.01  ±0.03 

-0.02  ±0.01 

Three-factor  interaction 


TxRx  W 


0.01  ±0.03 


-0.02  ±0.01 
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In  Table  H-l  the  complete  results  of  the  experiments  are  given;  the  experiment 
number,  the  wet  test  flow  rate,  the  ambient  temperature,  the  gas  composition  of  all  gas 
species  detectable  in  mole  percent,  and  the  carbon  conversion.  This  is  the  data,  in 
conjunction  with  the  inlet  solution  flow  rate  and  the  water/glycerin  ratio,  used  to  calculate 
the  gas  yield  and  the  carbon  conversion.  When  the  gas  composition  mole  percentage  is 
“trace”,  that  means  that  the  gas  was  detected  but  that  it  was  below  the  calibration  limit  for 
the  gas  chromatograph. 
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Table  H-l.  The  experiment  number,  ambient  temperature,  product  gas  flow  rate,  gas 
molar  composition  and  calculated  carbon  conversion  for  all  the  experiments  conducted. 


Exp. 

Amb. 

Wet 

Gas  composition  (mole  %) 

Carbon 

# 

Temp. 

Test 

conversion 

(°C) 

L/min 

H2 

CO 

ch4 

co2 

c2H4 

c2H6 

c3H6 

c3H8 

% 

10 

30 

1.89 

13.3 

56.7 

10.7 

15.8 

1.7 

0.7 

0.0 

0.0 

7.6% 

13 

31 

4.67 

19.0 

53.2 

12.2 

10.8 

1.2 

1.6 

0.3 

0.3 

22.1% 

12 

30 

10.50 

23.6 

45.7 

16.0 

8.3 

0.6 

3.7 

1.2 

0.0 

54.5% 

15 

30 

10.66 

18.6 

52.8 

17.4 

5.3 

0.5 

3.4 

1.1 

0.0 

59.1% 

17 

32 

15.61 

28.0 

38.0 

17.7 

9.4 

0.0 

4.9 

1.2 

0.0 

82.9% 

7 

29 

16.6 

33.9 

28.7 

18.7 

13.6 

0.0 

4.1 

0.0 

0.0 

91.6% 

8 

28 

16.48 

34.4 

27.9 

18.6 

14.0 

0.0 

4.1 

0.0 

0.0 

91.2% 

11 

27 

16.88 

34.7 

27.7 

18.4 

13.9 

0.0 

4.2 

0.0 

0.0 

93.3% 

16 

29 

17.69 

35.7 

20.7 

19.6 

19.6 

0.0 

3.4 

0.0 

0.0 

105.4% 

18 

34 

16.48 

30.2 

11.3 

30.0 

26.7 

0.0 

0.9 

0.0 

0.0 

107.9% 

9 

31 

1.52 

14.3 

50.4 

12.3 

19.3 

1.3 

1.3 

0.0 

0.0 

17.8% 

35 

26 

2.8 

17.4 

54.4 

15.7 

7.4 

0.6 

2.7 

0.6 

0.2 

40.4% 

34 

26 

4.2 

20.7 

46.0 

19.1 

7.3 

0.0 

4.4 

1.6 

trace 

70.1% 

33 

26 

5.4 

27.1 

33.5 

20.5 

12.6 

0.0 

5.4 

0.0 

trace 

94.3% 

6 

26 

6.6 

34.7 

25.2 

18.9 

15.9 

0.0 

4.3 

0.0 

0.0 

103.2% 

14 

26 

6.35 

31.5 

26.9 

20.3 

15.5 

0.0 

4.8 

0.0 

0.0 

105.9% 

29 

28 

5.6 

30.1 

21.0 

22.5 

20.0 

0.0 

5.4 

0.0 

0.0 

104.0% 

30 

28 

5.6 

30.9 

10.5 

28.8 

26.8 

0.0 

2.0 

0.0 

0.0 

104.7% 

31 

26 

5.4 

29.1 

8.6 

33.7 

27.6 

0.0 

0.0 

0.0 

0.0 

107.1% 

4 

30 

0.1 

34.6 

43.5 

7.0 

11.3 

1.5 

1.1 

0.0 

0.0 

1.6% 

20 

30 

2.52 

50.0 

38.5 

5.0 

5.2 

0.1 

0.0 

0.5 

0.0 

25.9% 

19 

34 

4.61 

47.1 

36.8 

8.7 

6.0 

0.0 

0.2 

0.0 

0.0 

56.3% 

23 

35 

6.95 

47.9 

22.2 

9.8 

16.7 

0.0 

2.4 

0.0 

0.0 

99.5% 

2 

27 

6.9 

48.7 

21.0 

10.1 

16.8 

0.0 

2.4 

0.0 

0.0 

103.3% 

5 

31 

6.7 

48.7 

17.8 

10.5 

19.3 

0.0 

2.8 

0.0 

0.0 

99.3% 

21 

29 

6.79 

50.8 

5.2 

12.2 

28.8 

0.0 

2.0 

0.0 

0.0 

108.4% 

22 

33 

6.77 

49.1 

4.8 

14.1 

29.9 

0.0 

1.0 

0.0 

0.0 

111.0% 

3 

28 

0.6 

36.3 

46.9 

6.7 

8.1 

0.4 

0.7 

0.0 

0.0 

20.2% 

32 

26 

1.0 

27.6 

45.7 

12.2 

10.2 

0.7 

2.2 

0.6 

trace 

51.1% 

28 

28 

2.1 

41.1 

27.9 

12.4 

14.4 

0.0 

3.1 

0.0 

0.1 

95.8% 

27 

27 

2.6 

51.4 

5.6 

11.7 

28.0 

0.0 

2.2 

0.0 

0.0 

104.1% 

1 

31 

2.6 

52.9 

5.4 

12.0 

27.3 

0.0 

1.5 

0.0 

0.0 

104.3% 

24 

29 

2.5 

50.0 

4.2 

13.1 

29.8 

0.0 

1.9 

0.0 

0.0 

109.2% 

25 

30 

2.3 

47.5 

4.4 

16.6 

30.0 

0.0 

0.5 

0.0 

0.0 

109.4% 

26 

30 

2.2 

48.9 

4.9 

17.6 

27.6 

0.0 

0.0 

0.0 

0.0 

108.0% 
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OTHER  POSSIBLE  GLYCERIN  REFORMATION  PATHWAYS  AND  THE 

RESULTS 
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Below  are  the  other  glycerin  reaction  pathways  that  were  tried  during  the  course 
of  finding  the  most  accurate  and  thermodynamically  sound  pathway. 
Thermodynamically  sound  means  that  the  there  is  a  positive  activation  energy  and  pre¬ 
exponential  factor.  Each  pathway  will  be  described,  and  the  resulting  mathematical 
equations  and  Arrhenius  plot  given  for  each  pathway.  The  same  symbols  will  be  used 
throughout,  “d”  for  glycerin,  “B”  for  carbon  monoxide,  “C”  for  carbon  dioxide  and  “D” 
for  methane.  Any  other  species  included  in  the  pathway  will  be  defined  later. 

This  pathway  has  glycerin  decomposing  into  carbon  monoxide  and  hydrogen,  and 
the  resulting  carbon  monoxide  either  undergoing  water  gas  shift  to  carbon  dioxide  or 


methanation.  The  pathway  is 

A  — >  3B  (1-1) 

B  — -2— >  C  (1-2) 

B  h  >  D  (1-3) 

The  chemical  equations  would  be 

C3H80 3  — ^  303  +  4 H2  (1-4) 

CO  +  H20  — C02  +  H2  (1-5) 


CO  +  3 H2  — CH4  +  H20  (1-6) 

Integral  analysis  of  the  reaction  mechanism  of  Equations  1-1  to  1-3,  with  the  further 
assumption  of  global  first  order  kinetics  gives  the  following  expressions  for  the  molar 
flow  rates  of  each  species: 


(1-7) 
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-t(ki~k2-k3)  i\-t(k2+k3) 


Q  = 


-3k,  CJ^__  ~l)g 
k\~k2-  k3 


c  ~3fcQ,(V 


~t(k2+k3)  l  ~k\t  i  -k{t 


-k2e  1  -k3e  1  -k{+k2+k3) 


{k{-k2-k3){k2+k3) 


3  k3Cao{kxet{h+h) -k2eht  -Lek'1  -/c,  +/c2  +/c3) 
-k2-k3  )(k2  +k3) 


Cd=- 


(1-8) 

(1-9) 

(1-10) 


Where  Cao  is  the  initial  concentration  of  glycerin  in  the  feed.  The  resulting  Arrhenius 
plots  are  given  in  Figures  1-1  to  1-3  below. 


1.00E-03  1.10E-03  1.20E-03  1.30E-03  1.40E-03 

T-1  (K-1) 


Figure  1-1.  First-order  Arrhenius  plot  for  reaction  1-4,  glycerin  to  carbon  monoxide. 
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Figure  1-2  First-order  Arrhenius  plot  for  reaction  1-5,  carbon  monoxide  to  carbon 

dioxide. 


Figure  1-3  First-order  Arrhenius  plot  for  reaction  1-6,  carbon  monoxide  to  methane. 


The  fit  for  the  gasification,  ki  and  water  gas  shift,  k2,  is  about  the  same  as  the 
chosen  pathway,  but  the  fit  for  methane  formation  is  worse,  36%  versus  89.6%.  The 
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activation  energies  for  gasification  and  water  gas  shift  are  in  a  realistic  range,  but 
methanation  has  a  low  activation  energy  and  pre-exponential  factor.  The  poor  fit  for  the 
methanation  reaction  is  likely  due  to  the  fact  it  is  a  very  slow  reaction  that  favors  lower 
temperatures  and  requires  a  catalyst  (165,  299).  This  is  the  most  likely  alternative 
pathway  of  all  pathways  tested. 

Other  likely  pathways  assumed  that  glycerin  reformation  could  be  modeled  from 
the  liquid  intermediates.  The  chemical  equation  would  be 


c3h,o3  -A 

-a  2  CO  +  CH4  +  H2+H20 

(I-ll) 

co+h2o- 

(1-5) 

ch4+h2o 

— ^-aCO  +  3//2 

(1-12) 

Reaction  1-1 1  is  the  same  as  that  given  in  Section  4.4,  reaction  9,  except  reaction  1-1 1  has 
a  reaction  rate  constant  associated  with  it.  The  reaction  pathway  would  be  glycerin 
decomposing  via  reaction  1-11,  and  the  subsequent  carbon  monoxide  undergoing  water 
gas  shift,  k2,  to  form  carbon  dioxide.  The  methane  produced  from  I- 11  could  undergo 
steam  reformation,  reaction  1-12,  to  produce  carbon  monoxide  and  hydrogen.  After 
integration  and  solving  for  the  rate  constants,  the  follow  Arrhenius  plots,  Figures  1-4 
through  1-6  were  made. 
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Figure  1-4  First-order  Arrhenius  plot  for  reaction  1-1 1,  glycerin  to  carbon  monoxide  and 

methane. 
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Figure  1-5  First-order  Arrhenius  plot  for  reaction  the  water  gas  shift  reaction,  carbon 

monoxide  to  carbon  dioxide. 
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T1  (K1) 


Figure  1-6  First-order  Arrhenius  plot  for  reaction  1-12,  steam  reformation. 

The  fit  for  gasification,  ki,  is  worse  than  other  models,  while  water  gas  shift  is 
better  than  some.  The  activation  energies  and  pre-exponential  factors  are  also  in  a 
realistic  range.  However,  the  slope  of  the  steam  reformation  Arrhenius  plot,  Figure  1-6, 
has  a  positive  slope.  This  means  that  the  activation  energy  is  negative,  which  is  not  a 
thermodynamically  valid  solution  for  a  kinetic  model.  Therefore,  this  pathway  is  not 
possible. 

Another  pathway  had  the  same  reactions  as  the  above,  I- 11  and  1-5,  except  that 
the  steam  reformation,  1-12,  was  reversed  into  the  methanation  reaction,  1-6.  The 
mathematical  solutions  for  the  concentrations  are 

Ca=C„e**  (1-7) 

_  -2k{Cao{e~tih~k2~h)  -l)e~tik2+k3) 
kl-k2-k?) 


(1-13) 
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Q  K,  ,  ,v,  -3^'  +2W<W 

(A'j  -ic,  -k,  \k,  +/C3  ) 

+klk2e~k,t  +k,Le  ki  -k^ek]t  -3^  +4/v2A:,  +3Af  -kfe  +Ic,  )) 


(1-14) 


—2k2Cao(k2e  k]l  -k3e  k]l  +k}e  {k2+k'}'  -k{  +k2  +k3) 
(k]-k2-k3)(k2+k3) 


(1-15) 


This  solution  ended  up  giving  negative  reaction  rate  constants  for  half  of  the  k2  results, 
and  therefore  is  not  a  viable  reaction  pathway. 

A  pathway  in  which  the  liquid  intermediate  reaction  is  coupled  with  a  total 
gasification  reaction  and  the  water  gas  shift  reaction  was  tried. 


c3hso3 


•  2CO  +  CH4  +H2+H20 


(1-11) 


c3Hso3 


■  3CO  +  4/A 


co+h2o- 


co2  +  h2 


Integral  analysis  of  the  reaction  mechanism  of  Equations  I- 1 1 ,  1-4  and  1-5,  with  the 
assumption  of  global  first  order  kinetics,  gives  the  following  expressions  for  the  molar 
flow  rates  of  each  species: 


C  =C  e 

a  ao 


~(kl+k2)t 


(1-16) 


„  Cao(2kl  +3k2)(e 


-t(kt+k2-k3)  r\„-k3t 


-IK 


k^  +  k2  —  k3 


(1-17) 


KCJe-^- 1) 


k3  +  k2 


(1-18) 


Cao( 2\  +3A2)(£[e  3  -kf*™  +k, - k 2) 

(k+k-kxk+k) 


(1-19) 
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The  resulting  Arrhenius  plots  are  given  in  Figures  1-7  to  1-9  below. 
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Figure  1-7  First-order  Arrhenius  plot  for  reaction  1-1 1,  glycerin  to  carbon  monoxide  and 

methane. 
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Figure  1-8  First-order  Arrhenius  plot  for  reaction  1-4,  glycerin  to  carbon  monoxide. 
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T’1  (K1) 


Figure  1-9  First-order  Arrhenius  plot  for  reaction  1-5,  the  water  gas  shift  reaction. 

The  fit  and  trend  for  P 1 1 ,  the  liquid  intermediate  gasification,  is  good.  The  others 
have  very  poor  fits.  Some  experiments  also  gave  negative  reaction  rates,  which  would  be 
thermodynamically  impossible.  The  best  fit  using  this  pathway  for  reaction  1-4,  the 
gasification  of  glycerin  into  only  carbon  monoxide,  would  have  been  a  parabolic  one. 
More  complicated  versions  of  the  above  reaction  pathway  were  also  tried.  The  first 
pathway  tried  with  the  liquid  intermediate  reaction  included  all  the  following  reactions 


CJI/X  — — — >  CO  +  C2H4  +  2  ICO 

(1-20) 

c3h8o3  ICO + ch4  +  IC  +  ICO 

(1-11) 

C3H803  — »  3CO  +  4H^ 

(1-4) 

C2H4  +  H2  — »  C2H6 

(1-22) 

CO  +  H^O — »  C02  +  H2 

(1-5) 

CO  +  3  H2  — CH4  +H,0 

(1-6) 
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Reaction  1-20  is  the  liquid  intermediate  reaction  for  ethene  formation,  and  reaction  1-22  is 
the  hydrogenation  of  ethene  into  ethane.  These  reactions  were  first  introduced  in  Section 
4.4.  The  reaction  rates  would  be 


dC 


a/dt  =  -k£a-k2Ca-k3Ca 


da 


' dt 


—  k\Ca  +  2k2Ca  +  3k3Ca  -  k5Ch  -  k6Ch 


dC 


e/dt  =  k >C> 


dC 


d/dt  =  k2Ca+k6Cb 


dC. 


•'dt-W.-W. 


dC 


f/dt  =  k^ 


(1-23) 

(1-24) 

(1-25) 

(1-26) 

(1-27) 

(1-28) 


Where  Ce  is  the  molar  flow  rate  of  ethene  and  Cf  is  for  ethane.  The  above  equations  were 
integrated  and  solved  simultaneously,  changing  the  reaction  rate  constants  so  that  the 
correct  molar  concentration  of  each  species  was  found.  The  result  was  that  there  was  no 
trend  and  most  of  the  reaction  rate  constants  were  negative.  The  above  pathway  was 
simplified  to  include  only  reactions  1-1 1,  1-4,  1-5  and  1-6.  The  reaction  rate  constant  for 
the  gasification,  ki,  and  water  gas  shift,  k3,  ended  up  being  negative  for  almost  all 
conditions  for  this  pathway,  and  so  could  not  be  considered.  The  carbon  dioxide 
methanation  reaction 


C02  +  4 H2  — CH4  +  2 H20 


(1-29) 
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Was  also  tried  in  conjunction  with  many  of  the  pathways  given  above,  but  the  results 
were  no  better.  It  is  because  of  these  results  that  the  model  used  in  Section  5.6.2,  in 
which  the  glycerin  can  undergo  decomposition  into  either  methane  or  carbon  monoxide, 
and  the  resulting  carbon  monoxide  can  undergo  water  gas  shift  to  form  carbon  dioxide, 
was  chosen. 


APPENDIX  J 


REACTION  RATE  CONSTANTS  AND  REACTANT  CONCENTRATIONS 
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In  Table  J-l  the  concentrations  and  the  reaction  rate  constants  are  given.  The 
concentrations  were  used,  in  conjunction  with  the  rate  models  and  the  residence  times,  to 
determine  the  rate  constants.  Cao  is  the  feed  rate  of  glycerin,  Cb  is  the  molar  product  flow 
rate  of  carbon  monoxide,  Cc  is  for  carbon  dioxide  and  Cd  for  methane.  The  reaction  rate 
ki  is  for  the  decomposition  of  glycerin  into  carbon  monoxide,  k2  is  for  the  water  gas  shift 
of  carbon  monoxide  into  carbon  dioxide,  and  k3  is  for  the  decomposition  of  glycerin  into 
methane,  as  given  by  reactions  31-33. 
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Table  J-l  The  experiment  number,  concentration  and  the  reaction  rate  constant  for  all 
experiments  used  to  calculate  the  activation  energy  and  pre-exponential  factor. 


Exp.  # 

cao 

mol  of 
glycerin/ 
min 

cb 

mol 

CO/ 

min 

Cc 

mol 

CO  2/ 
min 

cd 

mol 

ch4/ 

min 

ki 

k2 

k3 

7 

0.505 

0.1917 

0.0906 

0.1248 

0.04170 

0.02331 

0.01843 

8 

0.502 

0.1860 

0.0934 

0.1242 

0.03752 

0.02242 

0.01669 

10 

0.878 

0.0430 

0.0120 

0.0081 

0.00220 

0.00032 

11 

0.503 

0.1899 

0.0955 

0.1262 

0.03974 

0.02237 

0.01757 

12 

0.610 

0.1930 

0.0349 

0.0675 

0.01688 

0.01011 

0.00500 

13 

0.693 

0.0995 

0.0202 

0.0228 

0.00624 

0.00119 

15 

0.603 

0.2261 

0.0227 

0.0747 

0.01931 

0.00561 

0.00580 

17 

0.562 

0.2371 

0.0586 

0.1100 

0.03165 

0.01275 

0.01178 

2 

0.143 

0.0588 

0.0472 

0.0284 

0.07513 

0.02916 

0.02012 

4 

0.217 

0.0023 

0.0006 

0.0004 

0.00043 

0.00006 

5 

0.143 

0.0477 

0.0517 

0.0282 

0.05821 

0.03949 

0.01652 

19 

0.168 

0.0672 

0.0110 

0.0160 

0.02269 

0.00910 

0.00463 

20 

0.192 

0.0390 

0.0053 

0.0051 

0.00899 

0.00836 

0.00103 

23 

0.147 

0.0610 

0.0458 

0.0270 

0.06134 

0.02765 

0.01549 

28 

0.053 

0.0233 

0.0120 

0.0103 

0.01584 

0.00686 

0.00465 

3 

0.073 

0.0108 

0.0019 

0.0015 

0.00212 

0.00345 

0.00026 

32 

0.061 

0.0194 

0.0043 

0.0052 

0.00562 

0.00403 

0.00123 

29 

0.163 

0.0478 

0.0456 

0.0512 

0.01542 

0.01153 

0.00845 

33 

0.179 

0.0733 

0.0275 

0.0447 

0.01254 

0.00564 

0.00556 

34 

0.198 

0.0786 

0.0125 

0.0327 

0.00775 

0.00279 

0.00278 

35 

0.233 

0.0611 

0.0083 

0.0176 

0.00411 

0.00267 

0.00104 

14 

0.177 

0.0697 

0.0400 

0.0524 

0.01978 

0.00797 

0.00946 

9 

0.298 

0.0306 

0.0117 

0.0075 

0.00180 

0.00032 

6 

0.179 

0.0678 

0.0428 

0.0511 

0.01893 

0.00888 

0.00873 
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